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HIV-NC is a multifunctional protein which plays an important role in almost 
every step of the retroviral life cycle. NC is essential in catalyzing stand transfers of HIV-
1 reverse transcription, including the annealing of the transactivation response element 
(TAR) of the viral genome to the complementary TAR DNA in minus-strong-stop DNA. 
In this dissertation, the research starts with focus on elucidating the reaction mechanism 
of NC-facilitated TAR DNA/RNA annealing using single molecule spectroscopy (SMS) 
approaches.  The results indicate that nucleation of TAR DNA/RNA annealing occurs in 
an encounter complex form in which one or two DNA/RNA strands in the partially open 
“Y” form associated with multiple NC molecules. This encounter complex leads to 
annealing through the 3’/5’ termini, namely “zipper” pathway and the annealing through 
the hairpin loop region, namely “kissing” pathway. By employing target oligonucleotides 
for specific TAR regions, we directly probed kinetic reversibility and the chaperone role 
of NC. Concentration-dependence of NC chaperoned melting and annealing of TAR 
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hairpins was investigated and the results further support the proposed reaction 
mechanism. Additionally, we used a single-stranded DNA (ssDNA) as model to study 
ssDNA conformational change upon NC binding. Here we present observation of NC 
binding to d(TG)n and d(T)n, including NC effect on flexibility and conformation of these 
oligonucleotides chains. Our results reveal that the rigidity of ssDNA chain is 
dramatically reduced through interaction with NC. Meanwhile the results of NC 
dissociation experiments indicate the interaction of NC/ssDNA is complex and 
heterogeneous. Finally, we used SMS in vitro to systematically compare and contrast the 
RNA/protein interactions for the zinc-finger-binding-motif protein (NC) and the arginine-
rich-binding-motif (ARM) protein (Tat) encoded by HIV-1. Tat and NC use different 
RNA binding motifs to recognize and interact with RNA hairpin, giving rise to very 
different changes in the RNA secondary structure upon protein binding. Competition 
experiments show that the presence of Tat can effectively inhibit the NC binding-induced 
local melting of TAR RNA hairpins.  These results indicate that Tat specifically binds 
and stabilizes the TAR RNA hairpin structure, which likely inhibits the local melting of 
the hairpin induced by NC. 
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Chapter 1: Introduction and Dissertation Overview 
Studies of viral protein at the molecular level have provided insights into the 
fundamental cellular mechanisms. Intensive studies on the human immunodeficiency 
virus type 1 (HIV-1) have provided many examples of this process with new information 
about viral replication, assembly and nucleic acid/protein interaction (1-3). Study of how 
the protein involved in the biomolecule reaction using novel single molecule 
spectroscopic approaches opens new opportunity to understand detailed reaction 
mechanism and kinetics (4-11). In this dissertation, one important HIV-1 viral proteins, 
nucleocapsid protein (NC) including its role in the virus replication cycle, in particular, 
NC chaperone function in nucleic acid structural rearrangement will be discussed. 
 
STRUCTURE OF THE HIV-1 VIRION 
  The HIV-1 virus is a retrovirus consisting of two copies of single-stranded RNA 
as genome encapsulated by viral structural proteins (3). The virus is enveloped by a lipid 
bilayer, which is derived from the host cell membrane. Inside the envelope is a matrix 
shell containing about 2,000 copies of the matrix protein (MA). A cone-shaped capsid 
composing of about 2,000 copies of capsid protein (CA) is located in the center of the 
virus. The capsid particle contains two copies of the viral genome in the form of RNA 
which are stabilized as a ribonucleoprotein complex with ~2,000 copies of nucleocapsid 
protein (NC) (2, 3). Within the complex, there are three essential virally encoded 
enzymes: reverse transcriptase (RT) and integrase (IN) and protease (PR). Some 
accessory proteins, such as Vif, Vpr and Nef are also packaged within the virus particle, 




OVERVIEW OF HIV-1 VIRUS LIFE CYCLE 
  The replication process of HIV-1 can be divided into two phases (1, 3). The 
early phase begins with the recognition of the target cell followed by the viral material 
entering the cell. Reverse transcription occurs and the viral genome is reverse transcribed 
into DNA, which is later transported into the nucleus and integrated into a host cell 
genome. The late phase begins with regulated expression of the integrated proviral DNA, 
and involves all the genome expression up to the virus budding and maturation.  
  The HIV-1 virus binds specifically to cells bearing CD4, a protein that functions 
in immune recognition. Subsequent to membrane fusion, the virion is uncoated and all its 
genome and viral proteins are released into host cell cytoplasm. Reverse transcription is 
initiated by annealing cellular tRNA Lys to the primer binding site on the viral RNA 
genome. The single-stranded viral RNA is reverse transcribed into double-stranded DNA 
which is then transported into cellular nucleus and integrated into the host cell genome by 
IN. Spliced and unspliced mRNA are synthesized in the late phase of virus life cycle. The 
mRNA transcripts are transported out of the nucleus for translation. Initially, short 
spliced mRNA encoded for the regulatory proteins, such as Tat and Rev are synthesized. 
Unspliced and singly spliced viral mRNAs are expressed to produce Gag and Gag-Pol 
polyproteins as well as other accessory viral proteins. Immature viral particle 
encapsulated two copies of the unspliced viral RNA and Gag bud out from the cell 
membrane. Subsequent to budding, the polyproteins are cleaved by PR to produce other 




THE HIV-1 NUCLEOCAPSID PROTEIN (NC) 
HIV-1 NC is 55 amino acids in length and has two highly conserved CCHC-type 
zinc fingers, each of which binds a zinc ion (2)(Fig. 1.1). NC is a multifunctional protein 
which plays a role in almost every step of the retroviral life cycle, from reverse 
transcription and DNA integration to packaging and assembly (2). While some NC 
functions, such as genomic RNA packaging, are believed to involve sequence-specific 
binding to nucleic acids, NC also displays more general, nonsequence-specific nucleic-
acid binding properties (2). In addition to its role as a structural protein that stabilizes the 
virion, NC also serves as a nucleic acid chaperone that catalyzes the rearrangement of 
both DNA and RNA into thermodynamically more stable structures and promotes several 
strand annealing reactions during reverse transcription (12-21) (Fig. 1.2). Transactivation 
response element (TAR) contains the first 59 nucleotides of the R region within strong-
stop DNA which folds into a stable stem-loop structure (2). NC is essential to facilitate 
the strand transfer step by rearranging the structure of both TAR RNA and TAR DNA 
and promoting the hybridization of TAR DNA with TAR RNA located in the 3’ end of 
viral genome (Fig. 2, step 3) (22, 23). 
The chaperone activity of NC is believed to arise from two main consequences of 
NC binding to nucleic acids. First, NC lowers the energy barrier for annealing by 
partially melting the Watson–Crick pairing of the duplex regions due to NC preference 
for binding to single-stranded bases of both RNA and DNA (22, 24, 25). Second, NC 
lowers the energy cost of bringing two complementary hairpins together to form 




Fig. 1.1 Sequence of NC protein used in this study.   
 
Fig. 1.2 Schematic illustration of HIV-1 reverse transcription.  
Step 1: Annealing of tRNALys,3 to the PBS. Step 2: Synthesis of (-) SSDNA and digest of 
RNA template by RT. Step 3: Minus-strand transfer. Step 4: Elongation of minus-strand 
DNA to the 3’ end. Step 5: Synthesis of (+) SSDNA initiated from PPT as a primer. Step 
6: Plus strand transfer. Step 7: Elongation of both DNA strands. Abbreviations: U5/3, 




SINGLE-MOLECULE SPECTROSCOPY AND ITS APPLICATION IN STUDIES OF NC 
  The greatest strength of single-molecule spectroscopy (SMS) is its ability to 
directly unravel molecule structures, dynamics and kinetics in highly heterogeneous and 
complex systems like biological complexes (7, 11, 30, 31). SMS has been successfully 
applied to investigate structural dynamics of nucleic acids, protein-protein interactions 
(32, 33), nucleic acids/protein interactions in vitro (12, 13, 34-36). New spectroscopic 
tools and sample preparation methods have been developed to tackle complicated 
biological questions during recent decades (37-39). The results have been led to direct 
investigations on some molecular properties that would be hidden within ensemble 
averaging process, such as previously unknown reaction pathways, intermediates and 
conformational dynamics.  
  Single-molecule Fluorescence Resonance Energy Transfer (SM-FRET) is one of 
the most popular techniques applied in biophysical studies (40). These single-molecule 
spectroscopic approaches allow one to observe one molecule at a time, and resolve 
subpopulations and heterogeneity in the biological systems. SMS approaches also reveal 
transient intermediates and temporal heterogeneous by recording individual transient in 
real time. These abilities to reveal intricate reaction mechanism makes SMS a unique and 
powerful tool used extensively by researchers.  
  The effect of NC binding on the conformations of TAR DNA haipins has been 
successfully investigated by single-molecule spectroscopic approach (12, 13). The data 
clearly demonstrates that NC shifts the equilibrium secondary structure of TAR DNA 
hairpins from a fully “closed” conformation to a “partially open” conformation. In order 
to explore the detailed reaction mechanism and kinetics of NC chaperoned nucleic acids 
structural rearrangement, we applied single-molecule fluorescence resonance energy 




SINGLE-MOLECULE FLUORESCENCE RESONANCE ENERGY TRANSFER 
SPECTROSCOPY (SM-FRET) 
    Fluorescence resonance energy transfer (FRET) can be used as a spectroscopic 
ruler because of its strong dependence on distance between two dye molecules (40).  A 
small change in distance between two sites of molecules where two dyes are attached can 
be reflected in a change in FRET. Therefore, the FRET approach is attractive to be 
applied in investigation of biological molecules, their relative motions, dynamics and 
interaction between various molecules (41). FRET detected at the single-molecule level 
provides new opportunities to probe the structural changes and detailed kinetics of the 
complex biological molecules.  Since the first demonstration of single-molecule FRET 
(42),  many successful examples have provided new insights to the biological systems, 
meanwhile the methodology of SM-FRET have been developed and improved along the 
application of this technique.  
  The principle of FRET is the energy transfer in a non-radiative manner from a 
donor chromophore (dye) to an accepter chromophore in distance ranging from 10 to 75 
Å (33, 43). FRET occurs through long range dipole-dipole interaction between a pair of 
chromophores. After absorption of a photon, the donor chromophore may relax its excess 
energy in a number of pathways, including fluorescence ( Fk ), quenching ( Qk ), crossing 
to a triplet state ( ISCk ), vibrational relaxation ( ICk ), or non-radiative energy transfer. The 
fluorescence life time of donor dye depends on the sum of all the possible relaxation 
pathways. 
QICISCFD kkkk +++=
−1τ    (1) 
If a suitable acceptor dye is present, the dipole-dipole interaction will results in an 




−1τ   (2) 
The energy transfer efficiency depends on the dye pair properties as well as the 











=   (3)  
FRET efficiency is a function of refractive index of the medium between the 
donor/acceptor dyes n, the fluorescence life time Dτ  and the quantum yield Qn of donor 
dye in the absence of acceptor dyes, the normalized spectra overlap integral J [M-1cm3], 
the separation between two dye molecules R[cm], the Avogadro’s number NA and the 
orientation factorκ  . It is often assumed that the dipole moments of two dyes molecules 
can freely rotate in all directions; in this case, 2κ  =2/3. The key idea for many FRET 
experiments is the relation between energy transfer efficiency and the distance between 
















=  (4) 
R0 is the distance at which 50% of the excitation energy is transferred to acceptor 
and is called Förster distance. The simple form is often used as R0 effectively defines the 
relationship for a pair of donor/acceptor dyes. For common experiments, the parameters 
defining R0 change little. However, control experiments and care must be taken before 
drawing the conclusion based only on observed FRET efficiency changes. In particular, 
quantum yield of the dyes can change with changing of solvent/ buffer solutions (43).  
  In many FRET experiments, EFRET is the parameter need to be calculated. It is 






=    (5) 










=      (6) 
  The energy transfer efficiency changes with six power of the distance between 
two dye molecules therefore it can be used as a powerful molecular probe at the 
nanometer length scale. One can easily imagine that the structural change of biological 
molecules or interaction between two different molecules can be detected by changes in 
EFRET.   















=     (7) 
  Where, ID and IA are the fluorescence intensities of the donor and acceptor dyes 
respectively, ΦD and ΦA are the quantum yields of the donor and acceptor molecules, ηD 
and ηA are the detection efficiencies of the experiments for two dye molecules. Under our 
experimental condition, the ratio of ΦA*ηA/ ΦD*ηD set to be unity. Therefore, the 
apparent  )(tEA  given by the ratio of acceptor intensity to the sum of acceptor plus donor 






=       (8) 
 FRET values can be determined from each individual molecules in the way 
described above and their histogram can directly give information about FRET value 
distribution. In our experimental setup (scanning confocal microscopy), we use a 
combination of image scanning mode and individual trajectory mode to time-resolve the 
structural dynamics of the target biomolecules at multiple time scales.  We use the image 
scanning mode to globally image the samples and dynamics on the time scale of minutes 
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or longer, and use the individual trajectory mode to focus on one particular molecule at a 
time in order to study dynamics on the time scales from milliseconds to several seconds.  
 
DISSERTATION OVERVIEW 
  We start to investigate NC chaperone activity in rearranging nucleic acid 
secondary structures in the minus-strand transfer step of HIV-1 reverse transcription. This 
step is of great importance to the whole process of viral replication cycle. We studied the 
annealing reaction of TAR DNA/TAR RNA (and cTAR DNA) including the reaction 
mechanism as well as the chemical kinetics using SM-FRET approach. To eliminate the 
possible large scale aggregates formed by multiple copies of NC/nucleic acids, we 
applied a novel flow system as a reaction chamber to probe the reaction in an aggregation 
free manner, which allow us to unravel new insights of the annealing mechanism in the 
presence of NC. The data demonstrates the partially opened “Y” form of TAR hairpins 
are important reaction intermediates. Both of the two encounter complexes which are 
melted TAR hairpins associated with multiple NC annealed to form fully complementary 
duplex as the final product. The details are given in Chapter 2. 
  The observation of TAR DNA and its complementary cTAR DNA annealing 
reaction rate depending on NC concentration promotes us to further explore the reaction 
mechanism. We first examine the NC concentration dependence on melting of the DNA 
hairpins. The melting curves for various TAR hairpins were obtained, and the shape of 
the curve is strongly correlated to the secondary structure of the hairpins. Next, we 
perform a series of TAR DNA/cTAR DNA annealing reaction under a wide range of NC 
concentration. The observed rate constant as a function of NC concentration strongly 
correlated to the melting curve of TAR DNA/cTAR DNA. We also mapped the 
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thermodynamic stability of different regions on the TAR hairpins. The results 
demonstrated that the region with less thermodynamic stability melts first and those 
regions are the “hot spot” for the initial annealing of two complementary DNA hairpins. 
The details are presented in Chapter 3. 
  NC is one of the fifteen viral proteins which plays an essential role for HIV. NC 
is unique because it is a structural protein for the virus architecture and on the other hand 
it catalyzes multiple steps of nucleic structural rearrangement reaction. We compare and 
contrast NC which is from zinc-finger binding motif family to the other important family 
of nucleic-acid-binding protein in HIV, the arginine-rich-binding-motif (ARM) protein, 
Tat in this case. We employed TAR DNA+cTAR and TAR DNA+TAR RNA annealing 
assays as a approach to investigate how different NC and Tat‘s effects are on the nucleic 
acid hairpin structures. The results have shown that NC can weaken the nucleic acids 
basepairs while Tat strengthens the stem-loop structure of its target RNA. In the presence 
of both Tat and NC, annealing of TAR+ TAR RNA can be effectively inhibited. The 
results may shed light on understanding of the regulation mechanism of the viral gene 
expression. Detailed data and discussion are presented in Chapter 4. 
  In the last Chapter, we try to answer a basic question, what is the NC effect on 
single-stranded DNA (ssDNA)? Based on previous studies, NC is proven to have binding 
preference to ssDNA, when NC binds onto double-stranded DNA, it tries to melt the 
weak regions and create more single-stranded regions. Therefore understanding of NC 
effect on ssDNA conformational change is important for us to explore NC’s role on 
interaction and protection of possible DNA reaction intermediates and genomic RNA 
molecules. The results show that NC can effectively reduce the rigidity of ssDNA and the 
interaction between NC and ssDNA molecules are very complex. The results and 
discussion are given in Chapter 5.  
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Chapter 2 Detailed study of NC chaperoned annealing reaction 
mechanism in HIV-1 reverse transcription 
INTRODUCTION 
During HIV-1 reverse transcription, an essential step in retroviral replication, 
single-stranded viral genomic RNA is reverse transcribed into double-stranded DNA. 
Reverse transcription of the IV-1 genome RNA requires two strand transfer steps. During 
the first strand transfer reaction, the newly synthesized minus-strand strong-stop DNA [(-
)SSDNA] is transferred to the homologous sequence in the 3’-untranslated region of the 
RNA genome, by hybridization of complementary sequences located at the 3’ end of the 
(-)SSDNA and genomic template, respectively (14, 44, 45). In HIV-1, the major 
components of (-)SSDNA transfer are the stem-loop structured TAR RNA element, its 
complementary TAR DNA element and the nucleocapsid protein (NC) NCp7, which 
chaperones this annealing process and other analogous processes in the viral reverse 
transcription (2, 25, 46-48).  
The chaperone (catalytic) activity of NC is derived from two main consequences 
of the nucleic acid/protein (NC) interactions in this system. First, NC lowers the barrier 
for annealing by partially melting the basepairs of the hairpins (12, 22, 24, 25, 49). 
Second, NC lowers the energy cost of bringing the hairpins together in the encounter 
complex by screening the negative charges of the DNA backbones and perhaps through 
other specific interactions (16, 23, 27, 29, 30). It has been extremely challenging to 
develop a clear understanding of the mechanistic role of the NC/nucleic acid interactions 
because of the tremendously diverse sets of nucleic-acid/NC complexes that have been 
observed for these systems in vitro. These challenges have been particularly well 
documented for the NC annealing of the TAR RNA of the HIV-1 genome to the 
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complementary sequence TAR DNA in the (-)SSDNA (4). Single-molecule spectroscopy 
(SMS) is uniquely capable of unraveling molecular structure, dynamics, and kinetics in 
highly heterogeneous and complex biological systems (7, 10, 31, 50). And Single-
molecule fluorescence resonance energy transfer (SM-FRET) approaches have been 
applied on studies of single TAR DNA hairpins (in the absence of TAR RNA or 
complementary cTAR) structure dynamics in the absence/presence of NC. Previous 
results have shown that NC induces a shift of the secondary structure of TAR from a fully 
closed conformation to a partially open conformation, in which the L1L2 stems regions 
are melted while the L3L4 stems are closed (12, 49). Liu et al (16) proposed annealing 
nucleation can occur through both the zipper and loop mechanism. In their study, the 
used short oligonucletides to TAR to mimic the initial annealing step at the 3’/5’ternimis 
and the hairpin loops in the L3L4 region. Intermediates associated with both mechanisms 
were observed in the presence of NC, and the kinetics of formation of these intermediates 
was also measured.  
In this chapter, we use SM-FRET kinetic measurements to investigate the 
mechanism of the annealing kinetics of immobilized TAR hairpins to full-length 
complementary non-immobilized cTAR DNA in the presence of NC. We directly observe 
a diverse set of annealing intermediates including single NC-coated hairpins, NC-bound 
complexes of pairs of DNA/RNA hairpins, and large-scale NC/nucleic acid aggregates 
containing many thousand RNA, DNA, and NC molecules. This tremendous structural 
diversity is shown to make these reactions unsuitable for analysis by the usual 
‘‘homogenous’’ reaction mechanistic approaches to identify intermediates and transition 
states for a reaction. By employing a combination of time resolved SM-FRET techniques, 
and by simultaneously controlling large scale aggregation, we have been able to address 
several outstanding mechanistic issues for minus-strand transfer, including the degree of 
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complexation and secondary structure of the reactants in situ and the identity of the site 
of the nucleation of annealing (19, 50-54). Then we extend the study to investigate more 
complicated situations in which single-molecule kinetic data are acquired while the 
immobilized TAR DNA hairpins are exposed to a time-programmed concentration 
sequence of different targeted oligonucleotides with and without NC present in the 
solution. This procedure chemically ‘‘drags’’ individual pairs of reacting hairpins 
through the reactant states and the intermediate states, and back again (20). This approach 
offers information on the different stages of the annealing mechanism, especially the 
putative nucleation complexes.  
 
MATERIALS AND METHODS 
Sample Preparation 
HIV-1 NC was synthesized as described (16). Functionalized DNA hairpins 
(purchased from TriLink Biotechnologies, San Diego, CA) and RNA hairpins (purchased 
from Dharmacon RNA Technologies, Lafayette, CO) were used without further 
purification as described (Fig. 2.1). Three syringe pumps delivered three solutions, NC, 
nonimmobilized hairpins (containing Mg2+), and buffer A (containing Mg2+ as well), 
separately. The rapid mixing of solutions was achieved by injecting solutions at 10 
μL/min for at least 10 minutes, and then reducing the flow rate to 1 μL/min for the 
remaining reaction. Acquisition of images and the solution injection were started at the 
same time. All of the solutions contained buffer A (40 mM NaCl, 25 mM Hepes, pH 7.3 
and glucose oxygen scavenger system) (1% v/v 2-mercaptoethanol (Sigma-Aldrich,  St. 
Louis, MO), 3% w/v ß-D(+)glucose (Sigma-Aldrich), 0.1 mg/mL glucose oxidase (Roche 
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Applied Science, Hague Road, IN), and 0.02 mg/mL catalase (Roche Applied Science) 
(16). 
Coverslip and Chamber Preparation 
Coverslips were cleaned in piranha solutions (25% H2O2 and 75% conc. H2SO4) 
for 1 hour, followed by various water (molecular biology grade), and acetone (HPLC 
grade) rinsing cycles. Dry, clean coverslips were then treated with Vectabond/acetone 1% 
w/v solutions (Vector Laboratories, Burlingame, CA) for 5 minutes. Coverslips were then 
rinsed with H2O and dried under a N2 stream.  The clean coverlips were masked with 
patterned silicone films. The unprotected area was incubated with a 33% w/w 
polyethylene glycol solution (MW 2000, Nektar Therapeutics, Huntsville, AL) containing 
0.25% w/w biotinylated polyethylene glycol (MW 5000, Nektar Therapeutics, Huntsville, 
AL) in a 0.1 M sodium bicarbonate solution (HyClone, Logan, UT) for 3h.  The silicone 
templates were removed, the excess PEG rinsed with water, and the cover slips dried 
under a N2 stream. Predrilled polycarbonate films with an adhesive gasket (Grace Bio-
Labs, Bend, OR) were assembled on top of cleaned coverslips yielding a chamber with a 
total volume of ~5 µL. The chamber was assembled on top of the PEG treated surface; 
the adhesive gasket adhering to the silicone template protected regions of the PEG treated 
coverslips. Inlet and outlet ports (NanoportTM, Upchurch Scientific, Oak Harbor, WA) 
were glued on top of the chambers. 
Experimental Methods 
SM-FRET data were recorded at room temperature by a home-built sample 
scanning confocal microscope with separate detection channels for detecting Cy3 and 
Cy5 emission (Fig. 2.2). The Cy3 and Cy5 fluorescence intensity was synchronously 





Fig. 2.1 Structures of various oligonucleotides used in this study. The secondary 
structures were predicted by the program mfold 
(www.bioinfo.rpi.edu/applications/mfold/dna/form1.cgi) (21). 
 
selectively excited Cy3 and Cy5, respectively. Spatial analysis of the confocal images 
allowed for colocalization of the Cy3- and Cy5-labeled hairpins. This procedure also 
yielded the intensity of the ‘‘free’’ Cy5-TAR in the flowing solution above the 
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immobilized hairpins (which is detected as a 633 nm excited constant background in the 
images). By monitoring the Cy5 intensity resulting from direct excitation at 633 nm, it 
was possible to measure the number of Cy5-labeled hairpins, NcTAR, associated (but not 
necessarily annealed) with a specific immobilized Cy3-TAR at various times during the 
annealing reaction. 
 
RESULTS AND DISCUSSION 
Annealing of TAR to full-length complementary DNA hairpins 
Annealing reaction was investigated between nearly all of the pair wise 
combinations of immobilized and non-immobilized hairpins that are shown in Fig. 2.1. 
The various hairpins investigated include various mutants that were designed to probe 
how the kinetics depends on the secondary structure of the DNA hairpins.  Unless 
otherwise noted the annealing experiments employed NC concentrations of 890 nM and 
nucleotide/NC molar concentration ratios < 5 ensuring saturation binding of NC to the 
hairpins (51, 55, 56). 
     Immobilization of the TAR hairpins on a biologically compatible coverslip 
located in a flow chamber with biotin-streptavidin approach was employed (16) in order 
to keep one of the annealing reactants stationary and thereby allow for SM-FRET 
measurements at specific brief time intervals over the duration of the reaction, i.e. 
typically hundreds to thousands of seconds.  The experimental design used a multiple 
syringe pump flow system allowing for rapid mixing of the NC with non-immobilized 
hairpin and then rapid delivery of this solution to the reaction chamber (see Materials and 
Methods).  This procedure effectively suppressed formation of large NC/nucleic acid 
aggregates (in most cases).  Aggregation has previously reported to be a serious obstacle 
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to making direct in vitro measurements of the annealing kinetics for wild-type NC that 
contain the N-terminal domain, so-called aggregating domain (19, 57). Various 
DNA/DNA annealing were investigated as a mechanistic comparison and to take 
advantage of the easier access to DNA mutants and the smaller tendency of DNA to 
aggregate with NC compared to RNA (58-60). 
     The immobilized hairpins were labeled at the 5' end with a Cy3 dye (FRET 
donor dye) and the complementary non-immobilized hairpins were labeled at the 3' end 
with Cy5 dye (FRET acceptor dye), with the usual attachment configuration (16).  
Cy3/Cy5 is a well-established donor/acceptor dye pair allowing for an instantaneous 
measurement of the inter-hairpin Cy3-Cy5 distance by SM-FRET (30, 36, 61). 
Irreversible annealing kinetics were initiated by exposing a dilute immobilized sample of 
the Cy3-TAR to a “fresh” solution of Cy5-hairpins containing NC at zero time, t = 0, in 
analogy to a stopped flow experiment, as shown in Fig. 2.2 for the NC catalyzed 
annealing of TAR to cTAR DNA. The fluorescence spots in the confocal images for the 
Donor and Acceptor channels were used to determine the Donor and Acceptor intensities, 











        (1) 
By measuring EA for each hairpin, at various times, t, after introducing the 
complementary Cy5-hairpin solution, FRET trajectories (Fig. 2C) were recorded to 
monitor the instantaneous distance between the 5' end of the immobilized Cy3-TAR 
hairpin and the 3' end of the Cy5-hairpins.  The time spacing between FRET points (i.e. 
confocal images) was varied during the experiment to minimize photobleaching.  







Fig 2.2 A typical single molecule kinetic measurement of TAR and 2 nM cTAR 
annealing reaction at 0.2 mM Mg2+ and 889 nM NC in buffer solution.  
(A) The alternating, two color, laser excitation microscopy setup. (B) The number of 
molecules in three channels (donor, acceptor, and red) during the course of the annealing 
reaction. (C) EA of each single molecule as a function of time, where each colored line 
corresponds to a single molecule. AOM, acoustic optical modulator; DM, dichroic 
mirror; F, notch filter; APD, avalanche photodiode; PEG, poly(ethylene glycol). 
Modulators controlled by two 180° out-of-phase square-wave signals give two-color 
alternating-laser excitation. After being filtered by a notch filter, the fluorescence is 
detected by APD1 and -2. Donor and acceptor channel fluorescence detected by APD1 
and -2, respectively, is counted by two counters while the green excitation laser is on. 
Red channel fluorescence is also detected on APD2, except that it is counted by a third 





































Fig. 2.3 EA histograms constructed at different time during the annealing reaction of Cy3 
TAR with Cy5 cTAR (5nM) in the presence of NC (800nM) ([Mg2+]=0.2mM).  
     
 In the presence of both NC and full length complementary cTAR in solution, the 
observed EA trajectories exhibit discrete jumps from an EA value near zero to a value 
near unity (Fig. 2.2C) at various times during the annealing reaction.  With either or both 
of NC and complementary hairpins absent the EA value does not vary from zero over the 
entire time scale of the experiments (data not shown).  The discrete annealing trajectories 
trajectories are especially apparent in “kinetic” histograms of the EA determined for 
specific time windows after the initiation of the reaction for an ensemble of reacting 
hairpins (Fig. 2.3). Thus, the SM-FRET kinetic results directly reveal, in a way that 
would not be possible with ensemble measurements, that the annealing reaction evolves 
to kinetic “stable-states”, i.e. all other nucleic acid rearrangements must occur on a more 
rapid time-scale.  The mean FRET, <EA>, as a function of reaction time for an ensemble 
of immobilized hairpins is shown in Fig. 4A.  This SM-FRET method for determining 
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<EA> is far superior to ordinary bulk solution methods that are subject to artifacts such as 




Fig. 2.4 SM-FRET measurements of the annealing kinetics. <EA> (A) and percent 
annealed (B) vs. time for the annealing of cTAR (10 nM, non-immobilized) with 
immobilized wild-type TAR and mutant TAR DNA hairpins in the presence of NC 
(890nM).  
 
     The number of reactant and product molecules, NR and NP, respectively were 
counted directly by using a FRET threshold of 0.4 to distinguish between reactants and 
products.  These NR and NP data for TAR/cTAR annealing under saturated NC binding 
(green and blue solid lines, respectively) were well-fit with a single exponential function 
(dashed-lines), which is the predicted kinetic behavior for an irreversible bimolecular 
reaction under the pseudo-first order conditions for these non-immobilized hairpin.  The 
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fitting parameters include a pseudo first order rate constant, kψ, and an annealing 
percentage, the latter of which is close to 100%.  The single exponential behavior 
suggests the existence of a kinetic bottleneck for annealing.  In chemical kinetics, a single 
single bottleneck often implies a single well-defined transition state.  In the case of the 
annealing reaction, the conclusion of a well-defined bottleneck applies to the aggregation 
free (homogenous solution) mode of the annealing reaction.  A more complex mechanism 
mechanism that involves more than one kinetic bottleneck applies when aggregation is 
not controlled, see below.  
     A distinct advantage of the confocal method for single molecule spectroscopy 
is that it allows for synchronous detection of the Cy3 and Cy5 fluorescence intensity 
while rapidly switching the laser excitation wavelength between 514 nm and 633 nm, 
which are respectively the wavelengths that excites Cy3 and Cy5.  As shown in Fig. 2.2 
the 633 nm excitation induces only Cy5 fluorescence (denoted by Red), which is a 
quantitative measure of the number of bound Cy5 labeled hairpins at various times during 
the reaction, after calibration.   The SMS kinetic data in Fig. 2B shows that the number of 
associated cTAR hairpins of any type (red curve) is equal to the number of annealed 
hairpins (blue curve) throughout the annealing reaction, within experimental error.  This 
demonstrates that cTAR is not significantly associated with the TAR until annealing has 
occurred. The same type of experiments with the other immobilized hairpins mutants in 
Fig. 1, gave analogous results. An exception to this behavior occurs during large scale 
NC induced nucleic acid aggregation, see below.   
NC/Nucleic acid aggreation  
Under conditions in which large scale NC/nucleic acid aggregates are present, e.g. 
at high cTAR concentration, the observed rate constants for NC induced annealing for the 
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various hairpins fluctuated greatly from trial to trial.  This is reflected in Table 2.1 by the 
extraordinarily large standard deviations for TAR/cTAR annealing under high cTAR 
concentration.  A number of hypothetical origins for the rate fluctuations such as sticky 
syringes, temperature variations, and surface absorption of NC or the nucleic acids were 
ruled out by careful controls.  Ultimately, the reaction rate fluctuations were assigned to 
the aggregation of the cTAR with NC in large molecular aggregates that contain 
hundreds to thousands of cTAR and NC molecules.   
  Direct evidence for NC induced large scale of aggregation was observed by 
recording time resolved fluorescence intensity curves for Cy5-labeled cTAR in solution 
during annealing reaction. In the absence of NC, the recorded fluorescence intensity only 
exhibit fluctuation due to photon shot noise and Cy5 cTAR concentration fluctuation. In 
the presence of NC, intense blips are observed due to single aggregates containing 
thousands of copies of Cy5 hairpins (17). Aggregation was observed to be especially 
severe for solutions with high hairpin concentrations, and more severe for RNA than 
DNA.   
     It was possible to suppress formation of aggregates in the presence of NC for 
small nucleic acid concentrations by using high flow rates (freshly mixed solutions). This 
was further confirmed by fluorescence correlation spectroscopy (FCS) measurement on 
Cy5-cTAR in the absence and presence of NC.  The FCS data in both cases are well-fit 
by the standard model with the diffusion constants that are consistent with expectations 
for a single DNA hairpin (17).    
     The observed huge fluctuations of the annealing rate at high cTAR 
concentrations were due to the aggregation phenomenon. Over this range the kinetic 
order of the reaction for cTAR, was observed to vary from first-order at < 20 nM cTAR 
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concentrations, to zero-order at concentrations in the 25-50 nM range, and then ultimately 
to exhibit negative orders when the reaction stalled at high cTAR concentration (Table 1).   
Table 2.1. The apparent second-order TAR:cTAR annealing rate constants, ka, at various 









5 (3.64 ± 0.34) × 105 2.8 
10 (2.72 ± 1.2) × 105 1.4 
20 (3.21 ± 0.31) × 105 0.7 
1 
890 10 
(6.66 ± 0.47) × 105 1.4 
0.2 (8.37 ± 0.048) × 105 1.4 
0.2 500 
50 (1.69 ± 0.09) × 105 0.16 
83.3 (9.16 ± 10.9) × 102 0.09 




(3.73 ± 2.77) × 104 0.09 
< 200 No Annealing < 0.063 
 
aThe kinetics were measured under pseudo first order conditions, where the [cTAR] >> 
[TAR]. The apparent second-order rate constant, ka was estimated by dividing the pseudo 
first order rate constant by [cTAR].  In fact, the reaction is only second-order at high 
values of [NC]/[nt], see text for further detail. The reaction conditions are: buffer A (40 
mM NaCl, 25 mM HEPES, pH 7.3 and glucose oxygen scavenger system) at room 
temperature. ka is the average of at least three trials for each reaction. 
 
Annealing Rate Trends in the Absence of Aggregation  
 Large scale of NC/nucleic acids aggregation can be effectively avoided for low 
cTAR concentrations (i.e. < 10nM).  Under these conditions the data in Tables 2.1, Table 
2.2 and Fig.2.4 reveal several mechanistically informative trends.  The TAR/cTAR 
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reactions are observed to be overall second-order, i.e. the pseudo first rate vs. cTAR is 
linearly proportional to [cTAR].  For TAR/cTAR annealing the data clearly shows that 
the L1L2 bulges of TAR are required (and in fact are sufficient for rapid annealing).  In 
contrast, removing the L3L4 bulges has little kinetic consequence. While removing the 
L3L4 bulges does not stop the rapid initiation of annealing, it apparently shifts the 
annealing equilibrium toward reactants.   
 
Table 2.2 The effect of loop removal on the second-order rate constants, ka for TAR 







ka (M-1s-1)   




TARb (2.7 ± 1.2) × 105 
-L3L4TAR  (3.0 ± 0.6) × 105 
-L1L2TAR  No Annealing 
-L3L4cTAR 
TAR (2.2 ±1.0) × 105 
-L3L4TAR  (2.0 ± 0.7) × 105 
 
aThe reactions  were run in buffer A (40mM NaCl, 25 mM HEPES, pH 7.3 and glucose 
oxygen scavenger system) at room temperature. The apparent second-order rate constant, 
ka was estimated by dividing the pseudo first order rate constant by the [cTAR].  ka is the 
average of at least three trials for each reaction. bFor TAR:cTAR annealing at different 
concentrations of cTAR and Mg2+, please see table 1 for the details.  cFor -
L3L4TAR:cTAR annealing, a bi-exponential fitting curve can be obtained, which gives a 




      By using a flow system with rapid mixing, we have been able to investigate 
the annealing kinetics with full length NC in an aggregation free condition.  Previously, 
in order to suppress aggregation effects on the annealing kinetics it was necessary to use 
a truncated form of nucleocapsid protein, NC(12-55), which lacks the so-called 
aggregating N terminal domain (57) 
  Based on the new information obtained, a refined and more specific mechanism 
for the NC chaperoned annealing of TAR to cTAR/TAR RNA has been proposed (Fig. 
7). This mechanism applies to the annealing reaction in the absence of large scale 
NC/nucleic acids aggregates.  The SMS results demonstrate that the TAR reactant is 
predominantly a single NC coated, hairpin with a dynamic secondary structure, involving 
a partially-open “Y” shaped conformations (equation (i) of Fig. 7). It is reasonable, based 
on the experiments for TAR, to assume that the cTAR or TAR RNA reactants also have a 
partially melted secondary structure, which provides the exposed single stranded region 
for nucleation of annealing.  
     The mechanism portrayed in Fig. 2.7, assumes that rapid and reversible 
association and partial melting precedes a much slower nucleation event. The observation 
herein that the L1L2 bulges of TAR are required (and in fact are sufficient) for rapid 
annealing, coupled with the previous observation that hairpins missing the L1L2 bulge 
region do not undergo NC induced melting strongly suggests that the encounter complex 
is formed by two hairpins with at one or both of the hairpins in the “Y” conformation (12, 
13).  This conclusion is reflected in the first step in equation (iii).  The rate-limiting-step 
(RLS) for annealing, is hypothesized to be local annealing at specific locations along the 
hairpins, which can “nucleate” the annealing process.  A steady-state solution of this 
mechanism predicts the second-order overall annealing kinetics (in the absence of large 
scale aggregates), which is in agreement with the experimental results. Furthermore, the 
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close similarity of the annealing rate constant of TAR with cTAR, to that for other 
oligonucleotides that should strongly favor the zipper mechanism (e.g. -L3L4TAR and 
TAR) strongly suggests that the zipper mechanism dominates the annealing reaction. 
     We have previously shown that a short, locally targeted oligonucleotide for the 
hairpin loop, including the L3L4 regions, is capable of annealing, although at a slower 
rate than the zipper nucleation route (16).  This implies that there may be two pathways 
for annealing for full length cTAR and TAR RNA. However, for the full length 
oligonucleotides, nucleation by either route ultimately leads to the same duplex annealed 
product.  The similar rates of the loop and zipper routes (only an order of magnitude 
slower at low Mg2+ concentrations) suggests that a common mechanism may be operating 
in all cases. Nucleation of annealing at two different locations corresponds to two distinct 
transition states for the reaction.  It should be emphasized, however, that the two 
pathways are highly analogous, involving nucleation of annealing in locally single-
stranded regions in the NC melted and associated complex of the two hairpins.  Thus, a 
better description for the reaction than two-transition states may be a reaction mechanism 
in which the transition state is a broad multidimensional region along a “wide” reaction 
path with two or more, adjacent forms of the same type of transition states corresponding 
to different nucleation sites.  Such complexities are not surprising in nucleic acid 
arrangements due to the rugged energy landscape (47, 62, 63).  
  The SMS results strongly suggest that the common approach of investigating the 
NC induced annealing kinetics of nucleic acids with aggregates present must be 
undertaken with great caution due to the exceedingly complex and heterogeneous nature 
of these reactions at the molecular level.  Nevertheless, the annealing reaction kinetics 
and mechanism within large scale aggregates is of interest due to its potential similarity 
with certain aspects of the annealing process in vivo.   
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Fig. 2.5 SM-FRET kinetic measurement on the annealing of Cy3-TAR DNA to 25 nM 
Cy5-zipper DNA, 25 nM loop DNA and 50 nM Cy5-zipper RNA at 0.2 mM Mg2+ and 
889 nM NC. Top panels show the EA of each single molecule during the reaction, where 
each colored line corresponds to a single molecule. Middle panels show the ensemble 
mean EA increases during the annealing reaction. Bottom panels show the number of 
product (NP, shown as % among total number of molecules) molecules during the 
annealing reaction (blue, solid), while the number of reactant (green solid) (NR) 
molecules decrease by the same amount. Both of the increase/decrease trends over time 
can be fitted with a single exponential (dotted lines). The data was collected from 100 
single molecules for cTAR annealing kinetic measurement, 140 for zipper annealing and 






Fig. 2.6 SM-FRET kinetic measurement of the annealing reaction between immobilized 
Cy3-TAR DNA and 25 nM Cy5-loop DNA in the presence of NC (889 nM). The sample 
was then washed out by buffer and NC sequentially, re-annealed with 25 nM Cy5-labeled 
loop DNA (re-annealing) and reacted with 25 nM Cy5-cTAR DNA (cTAR). All solutions 
contained 0.2 mM Mg2+. Top panels show the number of annealed (blue) and un-
annealed TAR DNA (green) molecules at different reaction stages. Middle panels show 
the single molecule EA trajectories, where each colored line corresponds to a single 
molecule. Bottom panels show the mean EA of the single molecules in the middle panel. 
The final annealed percentages in each reaction stage are also shown in the corresponding 
graphs. 
  
 After investigation of the irreversible annealing of TAR to full length cTAR 
DNA, we focused on the multi-component oligonucleotides SM-FRET experiments in 
this section. Two types of short oligonucleotides which are designed to target the 
“zipper” and “loop” intermediates respectively were employed in this study. The typical 
annealing reaction kinetic curves are shown in Fig. 2.5. The bottom row (Fig. 2.5) 
portrays the number of surviving reactant hairpins NR (green curve) and the number of 
annealed product NP (blue curve) pairs.  These were determined by counting the number 
of hairpins that were below/above an EA threshold of 0.4, as described above. 
     The second and third column in Fig. 2.5 correspond to annealing experiments 
experiments with short DNA oligonucleotides that are targeted for “zipper” (L1L2 stem 
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loops) and “loop” (L3, HL) regions of TAR DNA.  SM-FRET data on annealing of both 
target oligonucleotides show evidence of reversible annealing that leads at later times to 
an equilibrium distribution of annealed and unannealed TAR.  For example the individual 
individual EA trajectories show much more high-to-low FRET transitions than the TAR 
DNA/cTAR case.  The <EA> curves and the number of reactant and product data are also 
also consistent with an equilibrium mixture at long times, with an apparent dissociation 
constant Kd of  ~ 10 nM and ~ 16 nM for the zipper and loop DNA, respectively. One can 
can estimate Kd from the ~ 70% and ~ 60% annealing percentage at 25 nM concentration 
for zipper and loop DNA, respectively.  The annealed adducts of TAR DNA with the 
target oligonucleotides are arguably models for intermediates in the annealing reaction of 
full length cTAR or TAR RNA and indeed, in minus strand transfer itself. The annealing 
of TAR DNA with TAR RNA, zipper RNA and loop RNA are more difficult to study 
accurately due to their higher tendency of forming aggregates and sticking onto surface, 
but generally exhibit similar kinetic behavior to their DNA analogs. As an example, the 
column of Fig. 2.5 shows the kinetics of TAR DNA/zipper RNA annealing. 
     In order to characterize the nucleic acid rearrangement pathways available to 
the TAR DNA/target-oligonucleotides we subjected these models for nucleation-
complexes to a sequence of solutions containing buffer only, buffer plus NC, and finally, 
a solution of NC plus cTAR.  Typical results are shown in Fig. 2.6 for the loop DNA 
oligonucleotides.  In the first epoch of the experiment, immobilized TAR was exposed to 
a loop DNA plus NC solution, leading to an annealing equilibrium.  This was followed 
by a period in which the loop DNA plus buffer solution was rapidly replaced with a 
buffer only solution.  The major effect of the buffer-only period was to freeze the 
concentration of the TAR/loop DNA adduct, even though the equilibrium constant 
strongly favors dislocated adducts in the absence of oligonucleotides in solution.  In 
30 
 
contrast, when NC was added to the solution (in the third epoch) the concentration of the 
adduct decreased relatively rapidly and continuously. The final epoch in Fig. 2.6 involves 
a NC-promoted strand displacement of loop DNA by cTAR.  This step in the sequence is 
a simple assay on the “activity” of the immobilized TAR hairpins, allowing for a 
validation of the entire procedure.  Since efficient cTAR annealing was observed, it is 
confirmed that the TAR DNA hairpins were not damaged nor poorly immobilized by the 
programmed sequence of reagents.   
     This data demonstrates that NC not only catalyzes the forward annealing 
process, but also catalyzes the reverse annealing process. This is expected according to 
microscopic reversibility for a NC chaperoned process.  Since NC interacts more strongly 
with single stranded DNA than with double stranded DNA, the combined NC effects 
strongly suggest that the transition state for the annealing reaction possesses more single 
stranded regions than the reactants, products, and even the stable intermediates along the 
reaction path.  This is qualitatively consistent with the proposed “Z” nucleation-complex 
structure in Fig. 2.7.   
Various observables and derived kinetic parameters for the annealing reaction of 
TAR DNA with the various oligonucleotides are listed in Table 2.3.  Some clear trends 
are apparent in the data. For example, NC is clearly required for both the annealing and 
reverse annealing reactions to be rapid.  Also, the reverse annealing of the full length 
oligonucleotides (cTAR and TAR RNA) are much slower than the short oligonucleotides 
consistent with the idea that the annealed adduct of the TAR DNA with the short 
oligonucleotides is indeed a model for the nucleation complex for the full length 
annealing reactions.  In other words, considerably more base pairs must be broken to 






Fig. 2.7 A hypothetic kinetic scheme for NC chaperoned annealing of Cy3-TAR DNA to 
its Cy5-labeled complements. Here, T denotes TAR DNA, and C denotes complementary 
cTAR DNA or TAR RNA. The term N denotes NC. In this scheme, N binds to T and C, 
leading to a partially melted structure, namely the Y form of T (T') and C(C'). The 
subscripts, i, j, k and l are used to describe the number of NC bound to nucleotides.  Two 
partially melted hairpins form an encounter complex that leads to the formation of 
nucleation complexes. The annealing can go through either zipper nucleation or loop 
nucleation, therefore, forming zipper nucleation complexes (Z) or loop nucleation 
complexes (L) both leading to the formation of fully annealed duplexes.  
      
     Further evidence for the reversibility of this pathway was obtained by forming 
forming an equilibrium mixture of the TAR DNA/zipper DNA adduct by NC annealing 
and then rapidly replacing the NC plus zipper DNA solution with a NC plus cTAR (Cy5 
labeled) solution.  The zipper DNA hairpins were observed to be efficiently replaced by 
the cTAR (data not shown).  Presumably, this net “strand displacement” reaction 
occurred due to NC induced annealing between cTAR and the unannealed TAR DNA.  
(The unannealed TAR DNA presumably resulted from NC induced reverse annealing of 
the TAR DNA/zipper-DNA adduct.) Various strand displacement reactions were 
undertaken as summarized in Table 2.4.  In every case where a stable annealed product 
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between TAR DNA and a full length oligonucleotide was expected, the strand 
displacement reaction was too slow to observe.  For example, it was observed that the 
cTAR in a TAR DNA/cTAR adduct were not efficiently displaced by a concentrated 
mixed solution of NC and zipper DNA (and also not washed-out by NC only).  
Correspondingly, for all adducts of TAR DNA with short oligonucleotides, efficient 
strand displacements of the short oligonucleotide by another oligonucleotide were 
observed. All the above observations are under out time resolution (>120s). The faster 
events beyond the time resolution will be missed and the actual reaction mechanism 
might be more complex.  
 
Table 2.3. Rate constants for annealing (ka) and reverse annealing (kr) at 0.2 mM Mg2+ in 
the presence or absence of 889 nM NC.  
 
Parametera cTAR DNA Zipper DNA Loop DNAc TAR RNA Zipper RNA Loop RNAc
ka  (105s-1M-1) 
- NC 0 0 0 0 0 0 
+ NC 8b 10 1 2 0.1 0.06 
kr (10-4s-1) 
- NC 0 1d 0.1d 0 5 0 
+ NC  0 18 4 0 5 3 
 
a ka denotes the annealing rate constant and kr denotes the reverse annealing rate constant. 
The annealing reaction kinetic curve is measured in the presence (+NC) or absence (-NC) 
of NC and fitted by a single exponential function. The single exponential rate constant k 
is k = kr + ka·[NA] (NA = reacting nucleic acid). kr is determined by washing out the 
annealed product with NC (+NC) or buffer only (-NC) solution, and fitting the kinetic 
curve by a single exponential function with a rate constant kr. ka is determined from k and 
kr as ka = (k - kr)/[NA]. b value from our previous published data (64). c The loop 
annealing kinetic were measured with an inverted TAR DNA construct.  Although there 
does not appear to be appreciable steric interference for the TAR DNA-loop DNA 
annealing (65), there is measurable steric interference of  the TAR DNA-loop RNA 
annealing. d This value is based on the slow decay component of Np. The fast decay 
component is associated with reverse annealing of 1-armed annealed TAR DNA/zipper 




Table 2.4.  Summary of strand-displacement experiments.a  
REACTION SEQUENCE  
------  Efficient Strand Displacement  ------
Cy3-TAR/Cy5-Zipper-DNA+  Cy5-cTAR
Cy3-TAR/Cy5-Loop-DNA +  Cy5-cTAR
Cy3-TAR/Cy5-Zipper-RNA + Cy5-cTAR
Cy3-TAR/Cy5-Loop-RNA +  Cy5-cTAR
------ Inefficient Strand Displacement   ------
Cy3-TAR/cTAR +  Cy5-cTAR
Cy3-TAR/cTAR +  Cy5-Loop-DNA
 
a The annealing and replacement experiments were run in buffer containing 0.2 mM Mg2+ 
and 889 nM NC, 25 nM Cy5-zipper/loop nucleotide and Cy5-cTAR DNA . 
 
CONCLUSION 
New insights of NC chaperoned annealing mechanism of a model TAR DNA 
hairpin sequence to the complementary cTAR (or TAR RNA) hairpin which is an 
essential step of HIV-1 reverse transcription have been obtained. In combination of SMS 
fluorescence measurements and a novel flow chamber approach to suppress large scale 
aggregates, we have explored the secondary structures of key intermediates and transition 
stats along the annealing reaction pathways. The SMS results demonstrate that the TAR 
hairpin reactant is predominantly a single NC coated hairpin with a dynamic secondary 
structure, and the nucleation of annealing occurs in an encounter complex that is formed 
by two melted hairpins.   
       In addition, a multi-component SM-FRET kinetic approach has been 
developed for analyzing the mechanism of NC induced nucleic acid rearrangements that 
involve multiple oligonucleotides.  The approach involves exposing one of the 
oligonucleotides to a sequence of solutions, containing the complementary 
oligonucleotide, other target oligonucleotides, buffer-only, and the chaperone protein in 
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various combinations.  This procedure effectively drags the nucleic acid protein systems 
from reactants through key intermediates, and finally toward the rearranged products, 
while monitoring the conformational states and dynamics of the system with SM-FRET. 
The results strongly suggest that the nucleation for annealing of TAR DNA to cTAR 
DNA involves base pair formation, in different regions of TAR DNA.  In addition, the 
results clearly demonstrate that NC is capable of catalyzing reversible annealing at 




Chapter 3 Concentration-dependence of HIV-1 NC chaperoned melting 
and annealing of DNA hairpins  
INTRODUCTION 
HIV-1 nucleocapsid protein (NC) is a small, basic viral protein with 55 amino 
acids, containing two highly conserved zinc fingers with the CCHC zinc-binding motif. 
(66-69) Playing important roles in almost every step in the viral replication cycle, NC is 
considered as a multifunctional protein encoded by HIV-1. For instance, NC promotes 
the dimerization of the genomic RNA and stabilizes the ribonucleoprotein complex, (70-
75) involves in the genomic RNA packaging, (76) facilitates the placement of the tRNA 
primer onto the RNA primer binding site, (77-81) and chaperones (catalyzes) the two 
obligatory strand transfer events (minus- and plus-strand transfer) during the viral reverse 
transcription (25, 82-86). 
 The integrity of the zinc fingers is critical to the NC’s function in retrovirus 
replication, and deletion of one zinc finger or mutation in either zinc finger impair the 
viral RNA packaging and reverse transcription (87-92). Proper folded zinc-finger 
structure has been shown to be essential for recognition and interaction of the target 
nucleic acids, such as stem-loop structured SL3 of packaging signal (93). NMR data have 
shown that there is specific interaction between the single-stranded loop region and the 
hydrophobic ring of Trp37 of the zinc-finger. NC is known for its general non-sequence-
specific interaction with single-stranded as well as duplexed region of nucleic acids. On 
the other hand, previous studies also demonstrate NC exhibit binding preference to 
sequences containing repeated (TG) or (UG) (51, 94).  
NC is required and essential for HIV-1 reverse transcription. There are two strand 
transfer steps involved in the process, in our study; we focus on how NC catalyzes the 
36 
 
minus-strand transfer. The minus-strand transfer step involves the transfer of newly-
synthesized minus-strand strong-stop DNA ((−)SSDNA) to the 3′ end of viral RNA by 
annealing it to the complementary repeat (R) regions of the genomic RNA (44, 45, 95).  
The major component of the R region is the highly structured transactivation response 
element named TAR (96, 97), which folds into a stable stem-loop structure. The necessity 
of nucleic acid chaperone arises because annealing of the TAR to its full length 
complementary TAR DNA is prevented by the internal self-paring regions of each 
individual DNA/RNA hairpins. NC chaperons (catalyzes) the annealing reaction of TAR 
DNA and TAR RNA by rearranging the structures of nucleic acid hairpins therefore 
lowering the activation energy of forming duplex (23, 98-100). This chaperone activity of 
NC is believed to arise from two consequences of NC binding to nucleic acids. First, NC 
lowers the energy barrier for annealing by partially melting the basepairing of the duplex 
region due to NC preference for binding to single-stranded regions of both RNA and 
DNA. Second, NC lowers the energy cost of bringing two complementary hairpins 
together to form encounter complexes by screening off the negative charges of the 
nucleic acids. 
We have previously used SM-FRET to identify melted secondary structure 
intermediates in the NC chaperoned annealing of TAR DNA to cTAR DNA/TAR RNA 
(12, 16, 17, 20). The mechanism of TAR annealing reaction shown in scheme 1 has been 
proposed (see chapter 2). In this study, we extend the melting experiments of TAR (and 
TAR mutants) and the annealing experiments to a wide range of NC concentration. SM-
FRET approach was employed to examine the DNA hairpin secondary structure as well 
as the TAR DNA + cTAR DNA annealing kinetics as a function of NC concentration.  
Widely used gel mobility shift assay were used in this study to analyze the 
binding properties of NC to TAR DNA and mutants with different secondary structures 
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(101, 102). Interestingly, we have compared the TAR/NC binding patterns in the absence 
and in the presence of EDTA in the gel running buffer. EDTA is known as an efficient 
zinc chelating reagent which destroys the zinc finger structure by ejection of the zinc ion 
from the protein. However, EDTA was used in previous studies as a component in the gel 
running buffer TBE. Instead, we used TB buffer (no EDTA) as running buffer in the gel 
shift assay to investigate NC binding properties of TAR (and mutants) hairpins with 
different secondary structures (Scheme 3.1). TAR DNA hairpins melting experiments 
was also performed here to investigate the role of zinc-finger for the NC chaperone 
activity.  
 To fully map the thermodynamic stability of different regions within TAR 
hairpins, we combined the SM-FRET results of previous melting/annealing experiments 
in the presence of NC. Therefore we are allowed to identify the “hot spot” within the 
DNA hairpins which are more easily to be melted by NC or annealed with target 
oligonucleotides in the presence of NC. Additionaly, we used mfold (103) to calculate the 
free energy of differently folded DNA secondary structures and then compared it to the 
experimentally determined energetic map. These results help us in understanding the role 
of NC as a nucleic acid chaperone and its effect on nucleic acid secondary structures at 
the molecular level.  
 
MATERIALS AND METHODS 
Nucleic Acids and Protein Preparation 
HIV-1 NC was synthesized as described (16). Functionalized DNA and RNA 
sequences (Scheme 3.1) were purchased from TriLink Biotechnologies (San Diego, CA) 
and Dharmacon RNA Technologies (Lafayette, CO), respectively and were purified by 
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the supplier by polyacrylamide gel electrophoresis and reversed-phase HPLC. Cy3 and 
Cy5 were used as a FRET pair and were attached to nucleic acids at the 5′ and 3′ ends, 
respectively. Biotin was also attached in hairpin loop region of each nucleic acid for 
immobilization to biologically compatible coversilps (immobilization see below).  
Coverslip Preparation and Nucleic Acid Immobilization 
Clean coverslips were treated with Vectabond/acetone 1% w/v solutions (Vector 
Laboratories, Burlingame, CA) for five minutes and then pegylated and biotinylated.  A 
reaction chamber with an inlet and an outlet port (Nanoport, Upchurch Scientific, Oak 
Harbor, WA) was glued on top of treated coverslip.(12, 13, 16, 104-106)  All the nucleic 
acids were diluted to 50-100 pM, and reannealed by incubation for 2.5 min at 80°C, 2.5 
min at 60°C, and 5 min at 0°C before immobilization to coverslips. The buffer solutions, 
NC and other reactants were delivered into the reaction chambers by syringe pumps with 
programmable flowing rates. All the solutions contained 25 mM HEPES buffer, pH7.3, 
40mM NaCl, MgCl2 (Mg2+ concentration specified in different experiments) and an 
oxygen scavenger system (2-mercaptoethanol 1% v/v, glucose 3% w/v (Sigma-Aldrich, 
St. Louis, MO), glucose oxidase 0.1 mg/mL) and catalase 0.02 mg/mL (Roche Applied 
Science, Hague Road, IN) (40, 107).  
Single Molecule Spectroscopy Data Collection and Analysis 
The home-built sample scanning confocal microscope used for SM-FRET 
measurements has been described extensively elsewhere.(12, 13, 16, 104-106)  Donor 
and acceptor images were recorded at the equilibrium conditions for NC concentration 
titration measurements or in time-resolved mode for annealing kinetics measurements. 
The donor and acceptor emission intensities (ID(t) and IA(t)) were taken from the donor 
and acceptor intensities of each immobilized nucleic acids and corrected for background 
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emissions and donor/acceptor cross talks. The apparent FRET efficiency, EA(t), is 
calculated as 







    (1) 
The actual FRET efficiency, EFRET(t), of the system is given by 
( ) ( )












  (2) 
Where φD, φA are the donor and acceptor dye quantum yields and ηD, ηA are the 
donor and acceptor detector efficiencies, respectively. For our experimental setup, the 
correction factor φAηA/φDηD is ~1, therefore the apparent FRET efficiency EA(t) is equal 
to EFRET(t).  
 Gel mobility-shift Assay 
TAR DNA, –L1L2 TAR, –L3L4 TAR, –L1L2L3L4 TAR, cTAR and TAR RNA 
were labeled with Cy3 and Cy5 at the 5′ and 3′ ends, respectively, and –L1L2 TAR was 
only labeled with Cy3 at the 5′ end.  Binding reaction mixtures of total 20 μl contained 
25nM nucleic acids with NC at various concentrations, and were incubated in 25mM 
HEPES buffer, pH7.3, 40mM NaCl, 0.2 mM MgCl2 for 15 minutes before loading.  The 
samples were run with 10% native polyacrylamide gel at room temperature under 230 V 
for 2 hours with running buffer of TB (Tris-Borate, 45mM) or TBE (Tris-Borate, 45mM 
and EDTA, 1mM).  Fluorescence images were then recorded with a Typhoon Trio 
Imager (Amersham Biosciences, Piscataway, NJ) with excitation at 532 nm and emission 
 > 670 nm for FRET mode and excitation at 532 nm and emission > 580 nm for Cy3 
mode.  Gel images were analyzed with Quantity One (Bio-Rad Laboratories, Hercules, 










   (3) 
Where, θmax is maximum bound percentage, [NC] is NC concentration, Kd is the 
dissociation constant, n is Hill coefficient.  
 
RESULTS AND DISCUSSION 




Scheme 3.1 Illustration of the annealing reaction of TAR/cTAR or TAR/TAR RNA and 
various oligonucleotides used the experiments. (A) Schematic representation of annealing 
reaction of TAR and cTAR or TAR RNA in Single Molecule FRET studies. Cy3 and Cy5 
are used for fluorescence donor and acceptor, respectively. TAR DNA has four bulges or 
loops (L1, L2, L3 and L4), and is immobilized via a biotin linker to a coverslip, cTAR or 
TAR RNA are flown in with NC to the reaction chamber. (B) Structures of nucleic acids 
used in the Single Molecule FRET studies and gel mobility-shift assays. All the nucleic 
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acids are doubly-labeled with the FRET pair Cy3/Cy5 at the ends, except for –L1L2 
TAR, which is only Cy3-labeled at the 5’ end. 
 
NC-induced melting of different secondary structures, which is achieved by 
designing a series of TAR DNA mutants, is measured by SM-FRET.  Dual labeled 
oligonucleotides with donor (Cy3) and acceptor (Cy5) dyes at the two ends of the hairpin 
are immobilized on the biologically compatible surface and exposed to buffer and protein 
solutions with various NC concentrations. For each NC condition, FRET images are 
recorded when the systems reach equilibrium. And FRET histograms were constructed 
from FRET values of more than 300 single molecules. Fig. 3.1 shows the ensemble mean 
FRET value of these molecules as a function of NC concentration.  Apparent mean FRET 
value, <EA>, reflects the separation between two dyes therefore the information of  
oligonucleotide melting induced by NC can be extracted.  For a closed hairpin, mean 
FRET is ~1, and for a partially melted “Y” form, mean FRET decreases to a value 
smaller than 1 depending on the structure of final product.  Two main parameters from 
these melting curves are derived for a specific TAR DNA hairpin. First, the minimum 
<EA> value is obtained from analyzing the quasi plateau region of the graph, where 
increasing NC concentration can no longer melt oligonucleotide (NC saturating 
conditions).  The second parameter is the critical NC melting concentration, Cm, which is 
simply taken as the NC concentration where half-way mean FRET change occurs.  
NC-induced nucleic acid melting highly depends on the secondary structure of the 
oligonucleotide.  The minimum <EA> value is 0.80 for TAR DNA, 0.78 for cTAR, 0.82 
for –L3L4 TAR and 0.99 for –L1L2L3L4 TAR (Fig. 3.1).  This data clearly demonstrates 
demonstrates that NC is capable of rearranging secondary structures of DNA hairpins in a 
NC concentration dependent manner. There is a critical NC concentration which is 
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requited to partially open the hairpins under our experimental condition. The degree of 
melting highly depends on the secondary structure of the DNA hairpins. The number of 
single-stranded region and their location has a strong effect on its structure rearrangement 
induced by NC.   For a perfectly base-paired hairpin (–L1L2L3L4 TAR), NC’s melting 
ability is rather limited, high concentration of NC (800 nM) still has minimal effect on 
the hairpin. It is also interesting to note that except for –L1L2L3L4 TAR all DNA 


























































Fig.3.1. NC melting curves of various TAR hairpins. ([Mg2+]= 0.2 mM in solution).  The 
mean FRET values at different NC concentrations are shown for Cy3/Cy5 doubly-labeled 




A dramatic incensement in the TAR +cTAR annealing reaction rate was observed 
at NC concentration ~100nM, which falls in the same range of Cm of NC induced hairpin 
melting (Fig. 3.2). The SMS kinetic annealing assay is a more sensitive approach to 
monitor NC-induced melting, in which the yield of NC catalyzed annealing of TAR DNA 
with cTAR is recorded as a function of time for a range of NC concentration (0~800nM).  
Fig. 3.2 shows the observed second-order rate constant as a function of NC concentration.  
Below 100 nM of NC, there is no apparent annealing product observed under our 
experimental condition, starting from 100 nM, the annealing rate increases dramatically 
and starts to reach a plateau after 200 nM.  The annealing occurs only after NC melts the 
reactant hairpins from the closed form to partially open “Y” form; and the annealing 
assay is an indirect means to monitor the NC-induced TAR hairpins melting process.  
The critical NC concentration for accelerating TAR +cTAR annealing from SM-FRET 
kinetics measurements exhibit strong correlation with Cm obtained from NC titration for 
melting experiments (Fig. 1).  This data solidifies our previously proposed kinetic scheme 
of TAR annealing to its complementary DNA or RNA (Chapter 2). (104, 105)  Only 
melted hairpin structures induced by NC (for both reactants) can lead to the encounter 
complexes where single-stranded region effectively base-pair to each other, subsequently 
form the annealed duplex.  The melting process induced by NC is required and necessary 
for the effective annealing to occur, and the annealing rate depends on the degree of the 
melting of both reactants by NC.  For a perfectly double-stranded hairpin, on which NC 
has minimal melting effect (within our experimental concentration range), annealing does 
not occur within our observation time window (up to several hours) (104).   
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Fig. 3.2.  Observed second-order rate constants derived from the SM-FRET kinetics of 
the annealing of TAR and cTAR at different NC concentrations. Annealing kinetics was 
recorded at each NC concentration, and was fitted with single-exponential function. The 
observed second-order rate constant was estimated by dividing the pseudo-first-order rate 
constant by [cTAR]. Multiple kinetic runs were conducted and error bar was indicated in 
the plot. 
 
SM-FRET titration experiments show that zinc-finger-depleted NC, where the 
wild-type NC is treated with 1mM EDTA for at least 30 min, loses its melting ability 
(Fig.3.3). Data of –L3L4 TAR DNA shows no change by EDTA-treated NC in the 
concentration range of 0~1000 nM.  In addition, NC (11-55) (no N terminal domain) 
shows limited melting effect on –L3L4 TAR DNA with a much bigger Cm of ~ 600 nM 
(data not shown).  Taken together, these results suggest that full chaperone activity of NC 
requires both zinc-finger structure and the N-terminal domain.  
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Fig. 3.3 SM-FRET NC titration of –L3L4 TAR DNA with (1mM) EDTA-treated NC 
([Mg2+]= 0.2mM in solution). 
Binding of NC to TAR hairpins  
NC binding properties to nucleic acids has been investigated with various 
techniques, such as gel-shift assay,(108, 109) fluorescence anisotropy, (109) tryptophan 
quenching, (110, 111) surface plasmon resonance (SPR) (94) and UV absorbance (112). 
However, NC binding to TAR DNA and TAR RNA which are the primary reacting 
nucleic acids involved in the HIV-1 minus-strand transfer step has not been carefully 
examined. Only few studies on NC binding to TAR RNA have been reported (108, 109) 
and none on wild type TAR DNA. In previous gel shift studies, TBE (Tris-Borate with 
1mM EDTA) running buffer has been routinely used in native gel-shift studies for NC-
nucleic acid binding. However, EDTA is known as an effective zinc chelating reagent 
which can destroy the zinc-finger structure of NC by ejecting the zinc ion out of the 
protein. In our study, we examine the EDTA effect on binding pattern of NC/TAR in gel 
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shift assay. TBE buffer and TB (No EDTA) were used as gel running buffer respectively, 
the results are shown in Fig. 3.4A and 3.4C.  In TB buffer, three NC-TAR DNA complex 
complex bands were observed, whereas in TBE buffer, only one TAR/NC complex band 
was observed. The results clearly demonstrate that the NC-TAR DNA binding pattern 
can be dramatically changed due to the presence of EDTA.  
EDTA is a strong zinc-binding agent, with a Kd of ~ 10-16 M.(113)  In addition, 
EDTA binds zinc much more tightly than other common divalent metals such as Mg2+ 
(Kd ~ 10-9 M) and Ca2+ (Kd ~ 10-11 M),(113) which means that EDTA can selectively and 
effectively eject zinc out of NC, especially under our experimental conditions where 
EDTA is large excess compared to NC (<2uM).  Furthermore, the releasing rate of zinc 
ion from NC’s zinc fingers has been found to be ~ 3 s-1,(114) suggesting that only few 
minutes exposure to excessive EDTA results in the complete removing of zinc from NC.  
Since releasing zinc ion from HIV-1 NC induced the unfolding of the protein, (114, 115) 
running gel-shift assay with TBE buffer (for more than two hours in our experiments) is 
actually probing the binding of nucleic acids with NC lack of proper folded zinc-finger 
structure instead of the intact wild-type NC.  Our results suggest it is of great importance 
to keep the integrity of the zinc fingers to its binding functionality. Multiple discrete 
bands of TAR/NC complex we observed in TB running buffer is distinctly different 
compared to only one TAR/NC complex band in previous studies using TBE. 
Considering the fact that zinc-finger is required for NC chaperone activity (Fig. 3.3), the 
multiple bands we observed might correspond to various secondary structured TAR 
hairpins associated with NC. The apparent Kd for NC binding to TAR DNA in the 
absence and in the presence of EDTA are comparable, ~100nM. The results indicate that 
even in the absence of a folded zinc-finger structure, NC is capable of associating with 






Fig. 3.4.  Comparison of gel mobility-shift assay of NC binding to TAR DNA under 
different gel running buffers. (A) TB (Tris-Borate) and (B) TBE (Tris-Borate-EDTA). 
25nM TAR was incubated with NC at various concentrations as indicated for 15 minutes 
before loading to gel in HEPES buffer (pH 7.3, 40mM NaCl, 0.2mM Mg2+). Native 10% 
polyacrylamide gel was prepared and run at room temperature. Gel images were taken 
with the Typhoon gel scanner with excitation at 532nm and emission above 670nm. 
 
NC binding to different secondary structures are also investigated with gel 
mobility-shift assay.  Fig. 3.5 shows the gel-shift data of NC bound to various TAR 
DNA/RNA mutants, including –L3L4 TAR, –L1L2 TAR, –L1L2L3L4 TAR, cTAR and 
TAR RNA.  –L3L4 TAR, –L1L2 TAR and –L1L2L3L4 TAR (Fig.3.5A-3.5C) all show 
different binding patterns with TAR DNA (Fig.3.4A), –L3L4 TAR has two binding 
complexes bands, –L1L2 TAR has only one, and –L1L2L3L4 shows no clear binding 
complex band.  As the number of the internal bulges decreases, the number of the binding 
binding bands decreases, in other words, more discrete complex bands for NC with those 
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nucleic acids which have more single-stranded regions. All bulges-deleted mutant of 
TAR DNA (–L1L2L3L4 TAR) shows no significant binding complex band.  Taken 
together, this data suggest that more discrete binding sites exist for nucleic acids with 
more NC-meltable regions and provide the evidence that NC favors the binding to single-
stranded regions of nucleic acids.  This is consistent with the observations from NMR 
spectroscopy that NC has a strong interaction with loop regions of SL3 and SL2 of HIV-1 
genomic RNA Ψ-site.(93, 116)  Using other techniques, such as surface plasmon 
resonance (SPR),(51) fluorescence quenching,(110, 117, 118) nitrocellulose filter RNA 
binding assay,(119) it also has been shown that NC binds more strongly to single-





Fig. 3.5 Gel mobility-shift assay of NC binding to various TAR hairpins. 
 (A) –L3L4 TAR, (B) –L1L2 TAR, (C) –L1L2l3L4 TAR, (D) cTAR, (E) TAR RNA and 
(F) TAR with 10 mM Mg2+ present. 25nM of each nucleic acid was incubated with NC at 
various concentrations as indicated for 15 mins before loading to gel in HEPES buffer 
(pH 7.3, 40mM NaCl, 0.2mM Mg2+) (except for (F) with 10mM Mg2+), gels were 
prepared with 10% polyacrylamide and run at room temperature. The images were taken 





Table 3.1. Binding parameters of NC binding to various TAR hairpins by gel mobility 
shift assay. 
 
Despite the difference in secondary structure, TAR hairpins including bulge 
mutants exhibit apparent NC binding constant, in the range of 100~150nM (Table 3.1). 
On the other hand, the binding pattern strongly depends on the secondary structures of 
the TAR DNA hairpins (Fig. 3.5). Clear three bands are observed for wild-type TAR 
DNA associated with NC. Deletion of the available four bulges results in decreases in the 
number of the nucleic/NC complex bands. In the absence of EDTA, NC associated with 
TAR DNA hairpins which possess several single-stranded bulge regions. The strong 
interaction can hold the complexes in an associated form which migrate down through 
the gel matrix without effective dissociation. In the presence of EDTA or deletion of all 
single-stranded bulges (-L1L2L3L4), the bands corresponding to nucleic acid/NC 
complexes disappear or get expanded. The results indicate that both the zinc-finger and 
single-stranded regions are required for strong interaction between nucleic acids and NC. 
Gel-shift assay for TAR DNA at a high Mg2+ concentration (10mM) was also 
performed in TB gel running buffer (Fig. 3.5F).  Mg2+ is a competitor of NC in the 
interaction with nucleic acids. It has been shown that Mg2+ has a counter effect of NC by 
keeping the hairpin structure in a closed form, (12, 13)  our NC-concentration dependent 
SM-FRET measurements also confirmed this (Fig. 3.6). By raising the Mg2+ 
Nucleic acid Apparent Kd (nM) Hill coefficient, n 
TAR DNA (in TB) 123 ± 19 1.65± 0.09 
TAR DNA (in TBE) 90 ± 8 1.95± 0.05 
−L3L4 TAR DNA 135 ± 31 1.56± 0.11 
−L1L2 TAR DNA 190 ± 52 1.27± 0.14 
−L1L2L3L4 TAR DNA 147 ± 24 1.25± 0.08 
TAR DNA ([Mg2+] = 10 mM) 118 ± 23 1.36± 0.09 
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concentration from 0.2 mM to 10 mM, the equilibrium is driven from partially opened 
TAR toward closed TAR. Subsequently the gel mobility-shift data (Fig. 3.5F) show that 
there are less NC-TAR DNA binding complex bands at higher Mg2+ concentration, yet 
similar apparent Kd. 



















Fig. 3.6 SM-FRET NC titrations of  –L3L4 TAR DNA at different Mg2+ concentrations 
(0.2 mM, 0.4 mM, 1.0 mM and 3.0 mM as labeled).   
Thermodynamic stability of TAR hairpins secondary structure 
Thermodynamic stabilities of various TAR DNA hairpin structures are evaluated 
using the results from our SM-FRET melting and annealing experiments. This is a 
qualitative approach to identify the regions with different accessibility by NC or other 
target oligonucleotides in the presence of NC. The generated color map of the reaction 
“hot spot” within the TAR hairpins are summarized in Fig. 3.7A.   
  As shown in Fig. 3.1, a decrease of <EA> value of ~1 for TAR and –L3L4 to 
~0.8 in the presence of NC indicates that their L1L2 bulges are melted by NC.  Previous 
studies have demonstrated that the L1L2 bulges in –L4 and the L1 bulge in –L2L3L4 are 
also melted in the presence of NC.(12, 13)  Therefore, these regions are considered as 
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“meltale” by NC and coded in red (Fig. 3.7). SM-FRET experiments also show that –
L1L2L3L4 remains in a closed conformation in the absence and presence of NC (Fig.3. 
1), indicating that all regions in this perfectly base-paired DNA hairpin are not melted.  In 
In addition, previous SM-FRET results on –L4, –L3L4, –L2L3L4 and –L1L2L3L4 have 
demonstrated the bottom stem region is in closed form, (12, 13) and these regions are 
coded in blue. 
SM-FRET annealing kinetic results also help us identity the reactive regions in 
the presence of NC. The extent of activity for different regions was characterized by the 
reaction rate of the annealing of TAR hairpins with various oligonucleotides. For 
instance, the L1L2 top region accessibility was examined by annealing of TAR DNA to 
zipper DNA(16). Forward annealing rate of this process is the same as the annealing rate 
of TAR DNA to cTAR, and similar reaction rate was also observed for –L3L4 annealing 
with zipper DNA (105).  Therefore, the L1L2 region of TAR and –L3L4 is considered as 
melted and highly active, color-coded in red.  
The L3L4 bulge region of TAR was probed by annealing of TAR DNA with a 
short oligonucleotide which is complementary to L3L4 bulge region of TAR DNA, and 
the loop DNA oligo (16).  The observed reaction rate is ~5 times slower than the 
annealing of TAR DNA with zipper DNA (16).  Assuming the annealing rates of both 
pathways have the same pre-exponential factor, this suggests that the energy barrier for 
annealing through loop pathways is ~1 kcal/mol higher than the energy barrier for 
annealing through zipper pathway.  Thus, the L3L4 bulge and loop region in TAR DNA 
is considered as “softened” and marked in orange. No annealing between –L1L2 and 
cTAR was observed within our experimental dynamic range, suggesting that the top 
regions in –L1L2 are not melted by NC (104),  therefore coded in blue.   
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Next, we used mfold to investigate the thermodynamic stability of different 
regions within TAR hairpins (Fig. 3.7B). Mfold is a well know program for predicting 
nucleic acid secondary structure (103, 120, 121). For each DNA hairpin, different melted 
forms were predicted by mfold and their free energies were calculated. To eliminate 
misfolded states and other sub-optimal states from mfold prediction, constraints have 
been applied to let the program generate the particular secondary structures we are 
interested in. For example, TAR DNA, the fully closed form gives the lowest free energy 
(folding executed in the same salt condition as experiments and at room temperature) of -
7.25 kcal/mol; partially open “Y” form (top two bulge regions are melted) has the free 
energy of -7.21 kcal/mol, which is slightly higher than the closed form; melting form of 
the bottom loop (L4 and loop region) has -4.94 kcal/mol free energy; melting form of 
only L3 bulge region open gives -2.06 kcal/mol free energy. In order to investigate the 
thermodynamic stability of each region, we compared the free energy of different folded 
secondary structures with the most stable structure (lowest energy form). For wild-type 
TAR DNA, there is <0.5 kcal/mol energy difference between the “Y” form and the closed 
form; ~2 kcal/mole energy difference between L4 bulge region open form and closed 
form; ~ 5 kcal/mol energy difference between L3 bulge region open form and the closed 
form. A small energy difference indicates this region can be easily open, while a large 
energy difference means this region needs much more energy to be melted. In other 
words, the probability of each different folded secondary structure obeys Boltzmann 
distribution; the folded form with lower energy has a larger population compared to the 
high energy form. Finally, other TAR DNA mutants were analyzed in the same manner 






Fig. 3.7 Energetics TAR hairpins in the presence of NC.  
(A) Estimated by SM-FRET melting and kinetic annealing experiments. Red: melted by 
NC and accessible to annealing with zipper DNA oligomer (complementary to L1L2 
region of TAR). Orange: accessible to annealing with loop DNA oligomer 
(complementary to L4 and bottom loop region of TAR) and a short 14mer 
(complementary to L3L4 region of TAR). Blue: Neither melted nor accessible to 
annealing with cTAR DNA, zipper DNA/loop DNA. Grey: region not probed. (B) 
Predicted by mfold. The energy need to melt each region is marked as: Red: <0.5 
kcal/mol; Orange: 2 kcal/mol; Yellow: 5 kcal/mol; Blue: > 12 kcal/mol; Grey: not 
probed.  
There is a good agreement between experimental scheme of melted regions and 
the predicted energy scheme from mfold (Fig. 3.7). This demonstrates that the NC 
melting ability highly depends on the nucleic acids secondary structure. The presence of 
multiple internal bulges and loops plays important role in the melting process. The region 
with lower energy to be opened correlates with the region easily to be melted or 
accessible for annealing in our experiments. In our thermodynamic stability map, it is 
56 
 
clearly shown that easily open regions are located in the bulge region, loop region or 
bulges near termini; meanwhile fully base-paired double-stranded region are much more 
stable and not melted by NC. The presence of these single-stranded regions provides 
stronger binding sites for NC, at the same time, lowers the energy cost for shifting the 
conformation to a melting form, which is an important intermediate in annealing reaction 
of nucleic acid hairpins. 
 
CONCLUSIONS  
HIV-1 NC is a multifunctional protein, involving many steps of HIV-1 life cycle 
(115), especially its chaperone activity is of great importance in nucleic acid secondary 
structure rearrangement in reverse transcription. Here, we employed SM-FRET approach 
and gel mobility-shift assay to investigate NC concentration and TAR hairpins secondary 
structure dependence on NC binding and melting properties. Our SM-FRET results show 
that the melting of TAR hairpins (and mutants) occurs within a narrow range of NC 
concentration from 50 nM to 150 nM, with a Cm of ~ 100 nM. Acceleration in the 
reaction rate of TAR+cTAR annealing falls in the same NC concentration range. Strong 
correlation between the critical NC concentration for melting and annealing further 
confirms the reaction mechanism we proposed previously (Chapter 2). Our gel-shift 
studies on TAR RNA/DNA (and mutants) in the TB buffer first time show the multiple 
discrete bands for nucleic acids/NC complexes. Although the apparent Kd is similar for 
all TAR hairpins, secondary structure dependence on gel binding patterns were clearly 
demonstrated. The thermodynamic stability map of different regions within TAR hairpins 
was generated based on SM-FRET experimental results and mfold calculation. The easily 
melted/reactive regions are located at the internal bulges, hairpin loops or bulges near 
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hairpin termini. This analysis can be potentially used as a qualitative approach for 





Chapter 4 A comparative analysis of RNA/protein dynamics for the 
arginine-rich-binding-motif (ARM) and zinc-finger-binding-motif 
proteins encoded by HIV-1  
INTRODUCTION 
The advent of single-molecule fluorescence resonance energy transfer (SM-
FRET), with its ability to unravel the complex structural dynamics of biomolecules (4, 5, 
11, 122-124), has made it possible to analyze RNA/protein dynamical interactions at the 
molecular-level with unprecedented specificity, for example obtaining direct information 
on the secondary structure of key functional, ribonucleoprotein complexes (125-127). 
Herein we use SM-FRET in vitro to systematically compare and contrast the 
RNA/protein interactions for two critical motifs for RNA/protein binding in the HIV-1 
lifecycle, namely the arginine-rich-binding-motif (ARM) and the zinc-finger-binding-
motif. HIV-1 encodes two ARM regulatory proteins, Rev and Tat, and a zinc-finger-
binding-motif protein, the multifunctional nucleocapsid (NC) protein. SM-FRET results 
on the interaction of Tat and NC with a series of key viral RNA sequences give a clearer 
picture of how these two binding motifs differ with regard to their sequence specificity, 
impact on RNA secondary structure, and chaperone-like nucleic acid annealing activity.  
Tat functions as a highly efficient transcriptional activator of HIV-1 through 
binding to the transactivating response element (TAR) RNA hairpin (Fig. 4.1) located at 
the 5’ end of the untranslated leader region of the viral mRNA (128-132). Tat is an 86-
amino acid protein that contains a cysteine-rich domain, a core region composed of 
hydrophobic amino acids, a nuclear localization region containing ARM responsible for 
the RNA-recognition and binding, and a glutamine region. The proposed Tat binding site 
on TAR RNA, the UCU bulge, is indicated by a red arrow in Fig. 4.1. The 20-amino acid 
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Tat peptide containing only the core region and the ARM (Fig. 4.1) has been identified to 
be sufficient for the recognition and specific binding to TAR RNA (133, 134) and is used 
in the present studies.  
In contrast to Tat, NC can bind to various DNA and RNA hairpin structures using 
its zinc fingers and other structural domains (2). HIV-1 NC is 55 amino acids in length 
and has two CCHC-type zinc fingers, each of which binds a zinc ion. NC is a 
multifunctional protein which plays a role in almost every step of the retroviral life cycle, 
from packaging and assembly to reverse transcription and DNA integration (2). While 
some NC functions, such as genomic RNA packaging, are believed to involve sequence-
specific binding to nucleic acids, NC also displays more general, nonsequence-specific 
nucleic-acid binding properties (2). In addition to its role as a structural protein that 
stabilizes the virion, NC also serves as a nucleic acid chaperone that catalyzes the 
rearrangement of both DNA and RNA into thermodynamically more stable structures and 
promotes several strand annealing reactions during reverse transcription (135-145), such 
as the annealing of the structured hairpins, TAR RNA and TAR DNA  (Fig. 4.1) to form 
a fully base-paired duplex in the minus strand transfer step of reverse transcription (25, 
46, 135, 137).  
The chaperone activity of NC is believed to arise from two main consequences of 
NC binding to nucleic acids. First, NC lowers the energy barrier for annealing by 
partially melting the Watson–Crick pairing of the duplex regions due to NC preference 
for binding to single-stranded bases of both RNA and DNA (22, 145, 146). Second, NC 
lowers the energy cost of bringing two complementary hairpins together to form 
































































































Fig. 4.1 Primary structures of HIV-1 Tat, and nucleocapsid (NC) proteins and secondary 
structures of HIV-TAR RNA and TAR DNA. NC(1-55) proteins and Tat(38-57) peptide 
containing the core region and nuclear localization region of the Tat protein were used in 
the present studies. 
 
We have previously used SM-FRET to identify melted secondary structure 
intermediates in the NC chaperoned annealing of TAR RNA and TAR DNA (136, 138-
141). The blue regions of the secondary structures in Fig. 4.1 for TAR RNA and TAR 
DNA have been shown to be fully melted by NC at concentrations > 300 nM. In this 
chapter, we see how these TAR DNA/TAR RNA annealing reactions are inhibited by 
sequence specific binding of Tat. The inhibition experiments are analogous to previous 
experiments on how the small nucleic acid-binding molecule argininamide inhibits 
annealing of TAR DNA and complementary cTAR DNA due to a decrease in hairpin 
flexibility associated with argininamide binding (150).  In this study, direct competitive 
binding and annealing SM-FRET experiments with pairs of these proteins, Tat/NC and 
various RNA sequences are used to study how viral proteins of the ARM and zinc-finger 
motif type interact at the secondary structure level by binding simultaneously to the same 
RNA sequence. In principle, the interactions of the ARM and zinc-finger proteins with 
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RNA substrates and the resulting chaperone activities may occur in vivo, when both types 
of proteins are present in the same vicinity or even in the same ribonucleoprotein 
complex of a HIV-1 infected cell (151, 152).  
 
MATERIALS AND METHODS 
Sample preparation 
RNA and DNA oligonucleotides containing appropriate dye-labeling and biotin-
functionalization were purchased from Trilink BioTechnologies (San Diego, CA) and 
were purified by the supplier using RNase-free HPLC. All the molecular constructs used 
in the present studies are listed in Tables 4.1. The oligonucleotides were labeled with 
either Cy3 (donor dye) or Cy5 (acceptor dye). Biotin functionalization was added to the 
nucleotides for the immobilization of the molecules on coverslips through biotin-
streptavidin interactions. To prevent the undesirable G residue quenching effects, a UUU 
or TTT overhang was added to the RNA or DNA sequences. The HIV-1 NC protein for 
these experiments was prepared by solid-phase synthesis as described previously (136, 
138). The Tat(38-57)  peptide was synthesized using Rink amide resin on a Applied 
Biosystems Model 433A peptide synthesizer and standard Fmoc chemistry. The peptide 
was cleaved from the resin and purified by HPLC on a C4 reverse-phase column using an 
acetonitrile gradient in 0.1% trifluoroacetic acid (TFA). 
Gel mobility shift assay  
The experimental details of the gel-shift assays are summarized in Table 3. 
Typically, 25 nM Cy3-labeled or Cy5-labeled oligonucleotides were titrated with 
proteins, and free nucleic acids and nucleic acid-protein complexes were resolved on 
polyacrylamide gels and imaged using a Typhoon Molecular Imager (Amersham 
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Biosciences, Piscataway, NJ) under Cy3-or Cy5-flourescence detection mode. The 
relative integrated intensities of each band on the gels were quantified by QuantityOne 
software (Bio-Rad Laboratory, Hercules, CA). The binding curves were constructed by 
plotting the fraction of RNA/DNA bound with proteins (θ) (total bound RNA/DNA in all 
bands divided by the sum of bound and unbound RNA/DNA) as a function of protein 
concentration. The apparent dissociation constants (KD) for protein binding to RNAs can 




nRPK ))(1( 00 −−= .    (1) 
R0 is the total concentration of RNA added in each lane, which is 25 nM. P0 is the 
total concentration of proteins added in each lane. n is a coefficient related to the protein 
binding stoichiometry. KD and n values for each protein binding case were obtained by 
curve fitting to achieve the minimized difference between the experimentally measured θ 
and calculated θ.   
Flow system for oligonucleotide annealing reactions  
The annealing reactions were carried out in a home-built flow cell (136, 140). 
Typically, the Cy5-labeled oligonucleotides, buffer solutions, and protein solutions were 
selectively flowed into the flow cell to react with the Cy3-labeled oligonucleotides 
immobilized on the coverslip surface. The commercial coverslips (Fisher Scientific) were 
cleaned with piranha (sulfuric acid : hydrogen peroxide, 7:3) and then treated with 
Vectabond/acetone 1% w/v solutions (Vector Laboratories, Burlingame, CA) for 5 
minutes. Each coverslip was subsequently PEGylated and biotinylated, after which a 
reaction chamber with inlet and outlet ports (Nanoport, Upchurch Scientific, Oak Harbor, 
WA) was assembled. The details of the chamber assembly process have been described in 
earlier work (136). Each chamber was treated with streptavidin (Molecular Probes, 
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Eugene, OR; 0.2 mg/mL in 25 mM HEPES buffer), followed by the immobilization of 
the biotin-functionalized oligonucleotides. The biotin-functionalized oligonucleotides 
were renatured by incubating 500 nM oligonucleotides in HEPES buffer (25 mM 
HEPES, pH 7.3, 40 mM NaCl) for 3 minutes at 80°C, 5 minutes at 60°C, and 10 minutes 
at 0°C.  Then the oligonucleotide solutions were further diluted to a final concentration of 
of 500 pM in HEPES buffer containing 10 mM MgCl2. The immobilization of the 
oligonucleotides on the coverslips was accomplished by incubating renatured 
oligonucleotides in the chamber over the streptavidin-functionalized coverslip surface 
several times. All the annealing reactions were carried out at room temperature in 
protein-binding buffer in an oxygen scavenger system (153) containing β-D(+)glucose 
3% w/v (Sigma-Aldrich, St. Louis, MO), glucose oxidase 0.1 mg/mL and catalase 0.02 
mg/mL (Roche Applied Science, Hague Road, IN). 1% v/v 2-mercaptoethanol was added 
in the mixtures to eliminate the blinking of molecules and generate longer-lasting single-
molecule fluorescence signals (35). The protein-binding buffers were composed of 25 
mM HEPES, pH 7.3, 40 mM NaCl, and 0.2 mM MgCl2 (for TAR-related annealing 
experiments).  
Data collection and analysis 
 A home-built sample scanning confocal optical/data collection system based on a 
a Zeiss inverted microscope (140) was used in these SM-FRET experiments. The sample 
flow-cell was scanned by a Queensgate X,Y scanning stage (NPW-XY-100A, 
Queensgate, Torquay, U.K.). A high numerical aperture, oil immersion microscope 
objective (Zeiss Fluar, 100×, NA 1.3) was used for excitation and signal collection. The 
donor and acceptor fluorescence were separated by a dichroic beam splitter (Chroma 630 
DCXR, Chroma Tech., VT) into two beams, and each was detected by an avalanche 
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photodiode (APD) (Perkin-Elmer Optoelectronics SPCM-AQR-15, Vaudreuil, QC, 
Canada). SM-FRET data were collected synchronously through separate detection 
channels for Cy3 and Cy5 fluorescence intensities.   
The annealing reactions were initiated by flowing a freshly prepared protein 
solution plus Cy5-labeled oligonucleotides into the flowing sample cell. The SM-FRET 
images were acquired at several times, t, during the course of annealing reactions and in-
house software was used to find molecules, calibrate stage-drift and crosstalk, subtract 
image background, and calculate SM-FRET efficiency for each molecule. The corrected 
donor and acceptor intensities, ID(t) and IA(t), respectively, were used to calculate the 










.    (2) 
EA(t) is related to the actual FRET efficiency, EFRET(t), by the inclusion of the dye 














.  (3) 
In the case of the current experimental setup, it was determined that EA(t) ≈ 
EFRET(t). The collected donor and acceptor signals were corrected for background 
emission/noise and donor/acceptor crosstalk due to signal leakage as previously described 
(136, 139). 
 
RESULTS AND DISCUSSION 
This section is focused on a comparison of how NC and Tat separately and in 
combination interact with the TAR oligomers that are summarized in Table 4.1.  We are 
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especially concerned with how the presence of Tat inhibits the NC-chaperoned annealing 
reaction between TAR DNA and complementary TAR RNA or alternatively annealing 
between TAR DNA and complementary cTAR DNA (136, 138-141), which is portrayed 
in the bottom of Table 4.1. The various oligomers have been appropriately labeled with 
Cy3 (donor dye), Cy5 (acceptor dye) and biotin for immobilization of the oligomers on 
the coverslip. The experiments include gel mobility shift assays in order to establish 
specific and non-specific binding affinities for these nucleic acid binding proteins and set 
of oligomers, see Fig. 4.2 for typical examples. This is followed by SM-FRET 
experiments on the rates and yields of the NC-chaperoned annealing reactions in the 
presence and absence of Tat.   
 
Oligonucleotides Primary sequences
TAR DNA 5’- Cy3-TGGGTTCCCTAGTTAGCCAGAGA
GCTCT(biotin)CAGGCAGATCTGGTCTAA
CCAGAGAGACCCTTT -3’












Table 4.1. Primary sequences of TAR-related oligonucleotides and schematics illustration 
of the annealing reactions.  
 
As shown in Table 4.2 and Fig. 4.2A, Tat binds strongly to its target sequence on 
TAR RNA with an apparent dissociation constant (KD) of ~ 15 nM but not to TAR DNA 
or the other non-TAR sequences, consistent with ARM binding motif assignment for this 
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peptide (see Introduction).  It is apparent from Figure 2A that two copies of Tat can bind 
on one TAR RNA hairpin at higher protein concentration. In contrast to Tat, NC binds 
strongly to both TAR DNA and TAR RNA with KD of < 100 nM (Fig. 4. 2B, Fig. 4.2C, 
and Table 4.2).  The “smearing” of the bands for NC binding is consistent with previous 
reports that multiple copies of NC bind with a “footprint” of one NC per ~8 bases pairs 
without strong sequence specificity to hairpin and fully duplexed DNA and RNA (147). It 
is important to note that while NC is known to melt structured DNA and RNA hairpins 
due to its binding preference for single-stranded nucleic acids, melting is not required for 
strong binding. Consistent with these trends we observe strong binding (KD < 200 nm) to 
fully duplexed DNA (TAR-cTAR DNA duplex, in HEPES buffer) which should not be 
melted by NC.  We also observed strong binding of NC to RNA with KD ~ 100 nM (see 
Fig. 3.4 in Chapter 3) in the presence of ethylenediaminetetraacetic acid (EDTA), a 
chelating ligand that strongly interacts with zinc ions and therefore can be used to 
effectively extract the zinc ions out of the zinc fingers of NC (154).  In the absence of 
zinc, the zinc fingers can no longer maintain their properly folded structures that are 
crucial to the local melting of the duplex regions of the hairpin. These results are 
consistent with a non-sequence specific, electrostatic binding of NC to DNAs and RNAs, 
being an important if not dominant binding mode under these conditions. This is 
consistent with the conclusion that NC can fold into different conformations to 
accommodate productive electrostatic interactions with the RNA substrate even in the 




Fig. 4.2 Electrophoresis gel-shift assay of (A) Tat binding to TAR RNA, (B) NC binding 
to TAR RNA, and (C) NC binding to TAR DNA.   
 
It is interesting to examine whether the observed Tat and NC binding affinity 
pattern is reflected in how these proteins affect TAR annealing reactions. Typical SM-
FRET annealing data for the NC induced annealing reaction of immobilized TAR DNA 
hairpins with 5 nM TAR RNA and 800 nm NC in a flowing buffered solution are shown 
in Fig. 4.3.  Each single molecule FRET trajectory EFRET(t) in the upper panel 
corresponds to a single immobilized oligomer for which the FRET value EFRET  
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switches from zero to unity when the annealing reaction occurs. The lower panel in Fig. 
4.3 is the fraction of annealed TAR DNA hairpins as a function of reaction time. We have 
extensively described how data of this type can be analyzed to obtain accurate 
bimolecular annealing rate constants corresponding to the reaction in the bottom panel in 









































Fig. 4.3. SM-FRET trajectories of 215 molecules found in a 30 µm × 30 µm region 
(upper panel) and the fraction of annealed TAR DNA hairpins as a function of reaction 
time (lower panel) during the annealing of Cy5-labeled TAR RNA to immobilized Cy3-
labeled TAR DNA. During time epoch I, 5 nM TAR RNA was flowed into the reaction 
chamber. During time epoch II, 5 nm TAR RNA and 800 nm NC were co-flowed into the 
reaction chamber.   
 
The FRET histograms in Fig. 4.4, which were recorded at long times (e.g., 1 h) 
after the reagents were mixed for an ensemble of hairpins, give a clear picture of the 
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impact of Tat and NC on the annealing reaction.  Under these conditions equilibrium 
mixture strongly favors the fully annealed duplex. In the absence of either NC or Tat the 
annealing is too slow to observe on this time scale and only the EFRET(t) ~ 0 peak in the 
histogram is present (Fig. 4.4A). With the 800 nM NC added to the TAR RNA/buffer 
solution annealing becomes rapid enough to observe a significant EFRET ~ 1 peak in this 
time window (Fig. 4.4B). The lack of 100% annealing is due primarily to unreactive, 
misfolded or mislabeled TAR RNA hairpins (140).  In contrast to the chaperone-like 
activity of NC, Tat (Fig. 4.4C) shows no evidence of catalyzing the annealing reaction.  
Furthermore, Tat is observed to strongly inhibit the chaperone-like activity of NC as 
shown in Figure 4D. As previously shown, the corresponding DNA only annealing 
reaction (i.e. TAR DNA + cTAR DNA) is also extremely slow without added NC, but 
becomes strongly catalyzed with NC present (Fig. 4.5A and 5B) leading to nearly 100% 
annealing yield within 1 h.  For the TAR DNA + cTAR DNA case, Tat alone is unable to 
to catalyze the annealing (Fig. 4.5C) and adding Tat to the NC reaction has no 
measurable inhibitory effect (Fig. 4.5D).  This strongly suggests that Tat specifically 
binds to the TAR RNA hairpin, and only through this specific binding is the inhibition of 
NC-chaperoned annealing accomplished. 
The TAR DNA + TAR RNA annealing results that are summarized in the top row 
of Table 4.3 can be rationalized by considering the previously proposed mechanism for 
NC chaperone activity (136).  It has been hypothesized that NC partially melts both 
reactant hairpins allowing for rapid nucleation of annealing initiated by base-pairing of 
short single stranded regions.  The melting process has been directly observed by 
investigating the SM-FRET of dual labeled TAR hairpins with NC present (136, 139).  
NC induced partial melting has furthermore been assigned to selective stabilization of 
melted secondary structures of TAR DNA and TAR RNA by NC binding, resulting from 
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NC’s binding preference for single stranded regions.  It has been proposed that the 
nucleation of annealing occurs right at the locally melted regions in an encounter 
complex that is comprised of partially melted TAR DNA and TAR RNA or cTAR DNA 
hairpins associated with multiple copies of NC proteins (138, 141). The inhibitory 
mechanism of Tat on TAR DNA and TAR RNA annealing may simply be due to Tat’s 
ability to block the binding of NC to TAR RNA, thus suppressing NC induced melting of 





































































Fig. 4.4 FRET histograms obtained from SM-FRET measurements after flowing in 5 nM 
Cy5-labeled TAR RNA over immobilized Cy3-labeled TAR DNA for 1 h in the presence 
of (A) no proteins, (B) 800 nM NC, (C) 500 nM Tat(38-57), and (D) 500 nM Tat(38-57) 
































































Fig. 4.5 FRET histograms obtained from SM-FRET measurements after flowing in 5 nM 
Cy5-labeled cTAR DNA over immobilized Cy3-labeled TAR DNA for 45 min in the 
presence of (A) no proteins, (B) 800 nM NC, (C) 500 nM Tat(38-57), and (D) 500 nM 
Tat(38-57) and 800 nM NC. 
 
The hypothesis that Tat binding to TAR RNA effectively suppresses partial 
melting is consistent with the evidence that Tat binds to a secondary structure with the 
base pairs intact that are adjacent to the red bases in Fig. 4.1 for TAR RNA. Tat’s 
preference for non-melted secondary structures of TAR RNA is also probably a factor in 
its lack of chaperone activity for TAR RNA+ TAR DNA annealing.  Since Tat only binds 
strongly to TAR RNA, not cTAR DNA (Table 4.2), it is not surprising that Tat has no 






Table 4.2. Apparent disorientation constants (KD) determined by gel-shift assays.  
 
            Protein or peptide
peptide 
 
   Oligonucleotides 
Tata NCb
TAR RNA 15 nM 50 nM
TAR DNA ----- 55 nM
cTAR DNA ----- 120 nM
 
----- indicates that no obvious protein binding observed in the protein concentration 
ranging from 0 to 800 nM in these gel-shift assays. 
a The gel-shift assays for Tat-binding was performed by incubating oligonucleotides with 
Tat(38-57) peptide at room temperature in 20 μl of binding mixtures containing 20mM 
Tris base (pH7.5), 100mM NaCl, 10mM DTT, 0.1% Triton-100, 0.2mM Mg2+.  The gel-
running buffer was 0.5X TBE. 
b The gel-shift assays for NC-binding was performed by incubating oligonucleotides with 
NC at room temperature in 20 μl of binding mixtures containing 25 mM HEPES (pH = 
7.3), 40 mM NaCl, 0.2 mM MgCl2, and 10 % glycerol. The gel-running buffer was 0.5X 
TB (Tris-Borate). 
 















TAR DNA + 
TAR RNA 
Yes Tat Tat Tat binding to 
TAR RNA 
TAR DNA + 
cTAR DNA 
Yes None Tat None 
 
CONCLUSION 
We have presented a comparative study on how the binding of two families of 
HIV-1 viral proteins to viral RNA hairpins locally changes the secondary structures of 
the RNAs using a SM-FRET approach. ARM proteins (Tat) and a zinc finger protein 
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(NC) use different RNA binding strategies to recognize and interact with RNA, giving 
rise to very different changes in the RNA’s secondary structure upon protein binding. Our 
SM-FRET results clearly reveal that NC locally melts TAR RNA hairpin, while Tat 
strengthens the hairpin structures through specific binding interactions. Competition 
experiments show that the presence of Tat can effectively inhibit the NC binding-induced 
local melting of TAR RNA hairpin.  This data suggests that in HIV-1, the arginine-rich 
motifs of Tat help stabilize the RNA hairpin structures, which likely inhibits the local 
melting of the hairpins induced by NC. 
Previous studies have suggested that HIV-1 Tat can promote nucleic acid 
restructuring reactions, including tRNA primer annealing onto the primer binding site 
(156), as well as complementary TAR DNA hairpin annealing (157). In contrast to these 
previous studies, we see no evidence of nucleic acid chaperone activity by Tat38-57 
using the RNA/DNA oligonucleotides investigated here. It is known that tRNA primer 
annealing does not require the zinc-finger structures of NC and can be facilitated by 
polyLysine (158). Thus, it is not too surprising that Tat, which contains a basic ARM, can 
also facilitate tRNA primer annealing (156). It is also known that NC is a general nucleic 
acid chaperone, which can catalyze many nucleic acid rearrangements throughout the 
HIV lifecycle, whereas Tat functions via specific nucleic acid binding interactions. 
Interestingly, NC has also been shown to migrate from the cytoplasm to the nucleus, 
where it has been proposed to play a role in inducing HIV-1 early mRNA expression 
prior to high level expression induced by Tat (151, 152). The competition binding data 
presented here suggest that the specific nucleic acid binding interactions of Tat can 
effectively compete with NC and thus, can regulate critical events such as viral RNA 
transcription and mRNA nuclear export during the HIV lifecycle despite the presence of 








HIV-1 nucleocapsid protein (NC) is a basic viral protein containing 55 amino 
acids and two hightly-conserved CCHC-type zinc fingers (2). NC is a multifunctional 
protein which plays important role in almost every step of the HIV-1 life cycle, from 
reverse transcription and DNA integration to viral particle packaging and assembly (2). 
For instance, NC is known as a nucleic acid chaperon, unwinding a cellular tRNA and 
catalyzing the hybridization of the tRNA to the primer binding site on viral genome (2). 
After the initiation of the reverse transcription, NC destabilizes the folded transactivation 
response element (TAR) and facilitates the stand transfer process (136, 138-141). In the 
mature HIV-1 virion, NC is complexed with genomic RNA and is responsible for 
stabilization of the two genomic RNA molecules (3). Through all these steps, NC plays 
its function mainly through binding and interaction with single-stranded or single-
stranded regions of nucleic acids. While some of NC functions, such as genomic RNA 
packaging, are believed to involve sequence-specific recognition and binding to nucleic 
acids, NC also plays more general, non-sequence-specific nucleic acids binding 
properties (2).   
    Many attempts have been put to investigate the structures and binding 
properties of NC interacting with single-stranded RNA and DNA. Experiments with NC 
and short oligonucleotides demonstrated that around five bases are required for stable NC 
binding (51, 159, 160). More results have shown that NC binds to the alternating (TG) 
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sequence better than others (51, 94). Other studies involving the sequence from HIV-1 
genome, which is stem-loop structured has also confirmed the preference of NC for 
GXG-containing single-stranded sequences (161, 162). NMR structures on several 
NC/nucleic acids complexes clearly reveal that G residue plays important in NC binding, 
through the interaction with Trp37 residue of the second zinc-finger of NC (93, 162, 
163). Moreover, it has been shown that more than one NC can interact with one (TG)4  
molecule (94). However, there is limited data on the conformation of these single-
stranded nucleic acid chains associated with NC. Previous data on the structures of the 
NC/nucleic acid complexes involves relatively short oligonucleotides (51, 94, 162, 164), 
where only one NC molecule can bind for most of the cases. Therefore, it is important to 
explore NC’s effect on relatively longer single-stranded nucleic acids chain. In principle, 
the interactions of NC with single-stranded DNA/RNA (~20 nucleotides) may occur in 
vivo, considering the complex folded genomic RNA and possibly various ssDNA/RNA 
(chains and regions) which are produced along the HIV-1 replication cycle (2, 165) .   
  Here, we employ a single molecule fluorescence resonance energy transfer (SM-
(SM-FRET) approach to investigate NC-induce conformational change of single-stranded 
DNA (ssDNA) as well as the NC/nucleic acid complex conformational dynamics at the 
millisecond to minute time scale. SM-FRET is uniquely capable of unraveling the 
complex structural dynamics of biomolecules (4, 5, 11, 122-124). To ensure stable NC 
binding to the ssDNA, we used repeated (TG) sequence with different lengths. 
Additionally, we compare the binding properties of NC on repeated (TG) sequence to the 
poly T sequence with the same length to investigate NC’s binding preference for specific 
nucleic acid sequence.  Single-stranded DNA chain is immobilized on surface through 
hybridization with an anchor DNA. Cy3 and Cy5 dye pairs are employed here to report 
the separation between two ends of the ssDNA chain (Fig. 5.1). We examine the NC 
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binding and induced conformational change of ssDNA at various protein concentrations, 
ionic condition, in the absence/presence of competitive short oligonucleotides in solution. 
These multi-component binding and dissociation experiments of NC/ssDNA interaction 
allow up to directly probe the stability and dynamics of these ribonucleoprotein 
complexes.  
 
MATERIALS AND METHODS 
Oligodeoxynucleotides  
All the DNA oligonucleotides containing appropriate dye-labeling and biotin-
functionalization were purchased from Integrated DNA Technologies (Coralville, IA) and 
were purified by the supplier using RNase-free HPLC. All the sequences of DNA 
oligonucleotides used in the present studies are listed in Table 5.1. The short anchor 
oligonucleotide were labeled with Cy3 (donor dye) at its 3’ terminus and longer oligos 
containing single-stranded region of interest were labeled with Cy5 (acceptor dye) at their 
5’ terminus. Biotin functionalization was added to the anchor oligonucleotides for the 
immobilization of the molecules on coverslips through biotin-streptavidin interactions.  
Sample preparation  
Both of the anchor oligo and Cy5-labeled long oligo were renatured respectively 
by incubating 1uM DNA in HEPES buffer (25 mM HEPES, pH 7.3, 40 mM NaCl) for 
2.5 minutes at 80°C, 2.5 minutes at 60°C, and 5 minutes at 0°C. Then two oligo solutions 
were mixed at the ratio of 1:3 (Cy3-anchor: Cy5-oligo) with 40mM MgCl2 and incubated 
for 30 min at 37°C for annealing. Next the hybridized ssDNA solution was further diluted 
to a final concentration of 1 nM in HEPES buffer containing 10 mM MgCl2. The 
immobilization of ssDNA construct on the coverslips was accomplished by incubating 
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oligonucleotides in the chamber over the streptavidin-functionalized coverslip surface 
several times. HIV-1 NC protein for these experiments was prepared by solid-phase 
synthesis as described previously.(136, 138) Poly-L-Lysine (MW>15,000) was purchased 
from Sigma (Sigma-Aldrich, St. Louis, MO).  
Flow system for controlling buffer solution  
During the experiment, various buffer solutions were carried out in a home-built 
flow cell (136, 140). Various buffer solution containing NC protein, high concentration 
MgCl2, and non-complementary short DNA oligonucleotides were delivered by separated 
syringe pumps. All the reactions were carried out at room temperature in buffer 
containing an oxygen scavenger system(153) which consists β-D(+)glucose 3% w/v 
(Sigma-Aldrich, St. Louis, MO), glucose oxidase 0.1 mg/mL and catalase 0.02 mg/mL 
(Roche Applied Science, Hague Road, IN). All buffer contained 25 mM HEPES (pH = 
7.3), 40 mM NaCl, 1uM Zn acetate and 0.2mM MgCl2.  
Data collection and analysis  
A home-built sample scanning confocal optical/data collection system based on a 
Zeiss inverted microscope (140) was used in these SM-FRET experiments. The sample 
flow-cell was scanned by a Queensgate X,Y scanning stage (NPW-XY-100A, 
Queensgate, Torquay, U.K.). A high numerical aperture, oil immersion microscope 
objective (Zeiss Fluar, 100×, NA 1.3) was used for excitation (514nm) and signal 
collection. The donor and acceptor fluorescence were separated by a dichroic beam 
splitter (Chroma 630 DCXR, Chroma Tech., VT) into two beams, and each was detected 
by an avalanche photodiode (APD) (Perkin-Elmer Optoelectronics SPCM-AQR-15, 




RESULTS AND DISCUSSION 
Fig. 5.1A shows a schematic of the DNA construct used in our experiments. Each 
DNA contains an 18 basepair duplex DNA  possessing a 3’ single-stranded region of 
varying sequence, d(T)n and d(TG)n. The donor fluorophore, Cy3 was covalently 
attached at the 5’ end of the anchor strand. The acceptor fluorophore, Cy5 was covalently 
attached at the 3’ end of the single-stranded tail. The whole DNA molecule including the 
fluorophores is denoted as (TG)n and (T)n in the content. This construct allow us to 
probe the end-to-end distance of the single-stranded tail, while maintaining the similar 
local environment of the fluorophores for all DNA oligomers.  













As illustrated in Fig. 5.1A, a biotinylated dsDNA with a 3’ ssDNA tail is 
immobilized on surface. The donor and acceptor attached report the end-to-end distance 
through FRET. The ssDNA itself is flexible (persistence length 1.5~3 nm), and its 
conformational fluctuation is averaged out on the much faster time scale than our 
measurement resolution. For the d(TG)10 , two dyes are in relatively far away position 
due to the repulsion of negatively charged phosphate backbone, giving relatively medium 
FRET efficiency ~0.50±0.08 (Fig. 1B white histogram) in our standard buffer condition. 
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Addition of 400 nM NC results in a higher FRET efficiency ~ 0.72±0.09 (Fig.5.1B red 
histogram). Due to the binding of NC, a basic protein in our solution condition which 
neutralizes some of the negative charge of DNA backbone leads to conformational 













































Fig.5.1 NC binding on short ssDNA (TG)10  
(A) A double stranded DNA with a 3’-(TG)10 single stranded DNA tail is immobilized on 
PEG surface. FRET between donor (Cy3) and acceptor (Cy5) labels reports the changes 
in the averaged end to end distance of the ssDNA. 
(B) FRET histogram of ssDNA (TG)10 in buffer only (white) and with 400nM NC (red). 




Previous study using surface Plasmon resonance (SPR), tryptophan fluorescence 
quenching (TFQ) and fluorescence anisotropy (FA) shows that the Kd for binding a single 
d(TG)4 molecule to NC is only 5nM in 150mM NaCl (94). NC has been shown to have a 
high affinity to the repeating sequence d(TG)n . Here we also investigate the NC 
concentration effect on (TG)10 conformational change. We used extremely low 
concentration of NC 1nM in the experiment, and we observed a small fraction of 
molecule exhibiting FRET efficiency increase (Fig. 5.2). Each single-molecule data was 
collected and ~300 molecules were used to build FRET ensemble histogram. Two clear 
separated peaks were resolved with FERT peak at ~0.5 and ~0.75 respectively. The lower 
FRET shows the similar value as what we observed under buffer only condition. While 
the higher FRET peak shows similar value as the condition in the presence of 400 nM of 
NC. The higher FRET peak represents those DNA molecules having sufficient amount of 
NC which fold DNA into a more compact conformation. Surprisingly, there is no 
intermediate state between the low and high FRET states. Since each NC can bind to 6~8 
nucleotides (2), the (TG)10 should be able to interact with multiple NC molecules (~3 or 
4) at saturating condition. As we mentioned earlier, repeating TG sequence shows high 
binding affinity to NC, therefore this apparent two state binding manner could be 
explained that multiple NC bind to (TG)10 at the same time. Binding of NC to (TG)10  at 
low concentration of NC is a much slower reaction compared to the reaction at saturating 


























































Fig.5.2 Single-molecule FRET efficiency histogram of ssDNA (TG)10 in 1nM, 10nM and 
400nM NC. The Gaussian fits of the peaks are illustrated in red (overall fit) and blue 
(individual peak fit). 
 
The dissociation rate of bound NC from the bound complex is limited under 
buffer only condition, however this dissociation process can be accelerated by 
introducing high concentration of Mg2+ ion, or high concentration of free non-
complementary DNA oligonucleotides into the system. After binding reaction of NC and 
(TG)10 reaches equilibrium (Fig. 5.3 stage II), we flowed buffer solution into the reaction 
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chamber for long time, ~5000s. There was a little amount of molecules with FRET 
efficiency decreasing to the staring points of 1X buffer only (Fig. 5.3 stage III) as 
indicated by the fact that main peak of FRET histogram remains the same position after 
buffer washing. This is different with the case of binding (TG)10 by high concentration of 
Mg2+. For small cation binding to ssDNA, the binding and unbinding reaction is 
reversible; the dissociation rate is much faster than what we observed for NC (data not 
shown). This indicates that NC binding and changing conformation of ssDNA is not 
simply caused by electrostatic interaction within the two. There must be other 
hydrophobic interaction or hydrogen bond playing important role here. In order to 
investigate the dissociation process deeply, we flew high concentration of Mg2+ after 1X 
buffer wash (Fig. 5.3 stage IV). The increasing of FRET efficiency here can be explained 
by the fact that high concentration Mg2+ can reduce the stiffness of ssDNA chain more; 
therefore the average end-to-end distance between two fluorophores was shortened. Last, 
we used 1X buffer to wash the Mg2+ away, giving majority of molecules FRET efficiency 
back to initiated state (Fig. 5.3 stage VI). Small Mg2+ ions penetrate into the NC/ssDNA 
complex, bind to the negatively charged DNA phosphate backbone and replace some of 
the bound NC molecules. The accelerating of bound NC dissociation by small cation 
indicates that electrostatic interaction between NC and ssDNA plays important role in 




Fig. 5.3 Buffer wash and high Mg2+ buffer wash NC bound to ssDNA (TG)10  
(A) Schematics illustrating the reaction.  
(B) Single molecule FRET trajectories. The whole process was divided into five stages: I: 
buffer; II: 400nM NC; III: buffer wash; IV: buffer containing 20mM Mg2+ wash; V: 
buffer wash. 
(C) Histograms of FRET distribution at different reaction stages.  
 
Next, we tested the DNA sequence effect on the NC binding and induced single-
stranded DNA chain conformation change. Oligodeoxythymidylates (oligo-dT20) was 
employed in the following experiments to keep the same length as (TG)10 in previous 
study. After flowing 400nM NC into the reaction chamber, a shift of FRET distribution 
toward much higher FRET efficiency was observed. The FRET value at saturated NC 
condition (0.74±0.06) is comparable to what was observed with (TG)10 (0.76±0.09). 
Followed by a buffer only wash step, a few molecules FRET decreasing to the initiated 





































































































state (Fig. 5.4 stage I) leaves majority of the ssDNA molecule in the NC bound form 
(Fig. 5.4 C). Here each line in Fig. 5.4 B represents a single molecule trajectory; more 
than 300 molecules trajectories were used to build the FRET histogram in Fig. 5.4 C 
panel. The replacement washing step used 10uM of free non-complementary short DNA 
oligos in the buffer solution, the sequence was chosen to have no potential in forming 
basepairs with ssDNA on the surface. Here we test the idea that whether the bound NC 
on ssDNA which immobilized on surface will dissociate from the complex and bind onto 
the free ssDNA oligo in the solution. After a final wash by 1X buffer, ~70% molecules 
FRET decreased to ~0.5 (Fig. 5.4C stage VI). The same experiment was also performed 
using (TG)10 , however due to higher binding affinity between NC and repeated TG 
sequence compared with polyT, this free non-complementary failed to remove bound NC 
in this competitive binding reaction.  
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Fig. 5.4 Buffer wash and non-complementary short DNA wash NC bound to ssDNA T20  
(A) Schematics illustrating the reaction.  
(B) Single molecule FRET trajectories. The whole process was divided into five stages: I: 
buffer; II: 400nM NC; III: buffer wash; IV: buffer containing 10uM non-complementary 
12mer DNA wash (sequence: 5’GCCCGTAAAATTT3’); V: buffer wash. 
(C) Histograms of FRET distribution at different reaction stages.  
 
The single-stranded DNA length effect on NC induced conformational changed 
was also examined using (TG)20 , which consists 20 repeated TG in the single-stranded 
region. In 1X buffer condition, the mean FRET efficiency is ~0.2, which is lower than 
what was observed for (TG)10 and polyT20. The average end-to-end distance is increased 
due to the increasing of total ssDNA length, which is consistent to other reported value 
(166). 400nM NC can effectively change the single-stranded (TG)20 into more compact 
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conformation, with FRET efficiency risen from ~0.2 to ~0.7 (Fig. 5.5B stage I and II).  
Again, the 1X buffer wash cannot remove the bound NC away from the (TG)20 molecules 
(Fig. 5.5B stage III). The FRET distribution is very similar to what was observed with 
400nM NC in the reaction chamber. Then we flew high concentration of Mg2+ (20mM) 
into buffer solution, FRET efficiency stays high because sufficient amount of Mg2+ bind 
onto single-stranded (TG)20 and reduce the chain stiffness by screening of the DNA 
negative charge. The final step of the 1X buffer wash effectively shifted the FRET 
distribution to the lower efficiency end. However the FRET distribution is completely 
different than the distribution of either the initial 1X buffer (Fig. 5.5B stage I) or the 
400nM NC (Fig. 5.5B stage II). Two peaks with center values fall in the range of 0.2 to 
0.7 are exhibited (Fig. 5.5C bottom panel). This is completely different with the 
experimental results using (TG)10 as we discussed earlier, in which the majority of 
molecules FRET decreased to the value as in initial 1X buffer. The hypothesis here is this 
median FRET efficiency we observed for (TG)20 is caused by some bound NC molecules 
that were “trapped” by the long ssDNA chain therefore they were not successfully 
removed by even high concentration of Mg2+ buffer wash. To test this hypothesis, we did 
the experiments using very low NC concentration, 10nM for (TG)20. First we flew the 1X 
buffer into the reaction chamber followed by 10nM NC, and final wash using the 1X 
buffer. The FRET distribution did not change after the 1X wash (Fig. 5.5C top). The peak 
values are ~0.35 and 0.55 respectively, representing two different folded conformations 
for (TG)20 bound with NC. However the FRET distribution with 10nM NC is very similar 
to that of final wash after 400nM NC (Fig. 5.5B stage V). At very low NC concentration 
condition, NC will first bind onto the ssDNA where the binding site exhibit higher 
binding affinity. While at much high NC concentration, 400nM in our experiment, 
sufficient amount of NC associate with (TG)20 molecules, changing their conformation to 
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a much compact form. After Mg2+ competitive binding and washing, some relatively 
loose bound NC were replaced leaving some stronger bound NC “trapped” within the 





































































































































Fig.5.5 Buffer wash and high Mg2+ buffer wash NC bound to ssDNA (TG)20  
(A) Schematics illustrating the reaction.  
(B) Histograms of FRET distribution at different reaction stages. I: buffer; II: 400nM NC; 
III: buffer wash; IV: buffer containing 20mM Mg2+ wash; V: buffer wash. 
(C) Single-molecule FRET efficiency histograms for (top) buffer wash after flowing 
10nM NC and (bottom) reaction stage V shown in (B). The Gaussian fits of the peaks are 
illustrated in red (overall fit) and blue (individual peak fit). 
 
In order to probe the ssDNA conformation dynamics in the time scale of 
milliseconds, here we use the individual trajectory mode SM-FRET to investigate 
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possible fast dynamics existing in this ssDNA/NC complex. In this mode, the laser is 
focused onto each individual molecule, donor and acceptor intensity are collected at the 
time with time resolution down to 1ms. Usually more than 25 molecules trajectory are 
collected in order to build ensemble FRET. This time resolution is much faster than the 
other mode, scanning image mode, in which the sample is scanned over a 30μm×30μm 
region and the time resolution for each image is ~300 seconds. Therefore, using this 
individual trajectory mode, we could probe whether there is any underlying complexity in 
the ssDNA conformation dynamics which we might miss in the relative slow scanning 
method. To construct ensemble EA histograms, the individual molecule trajectories were 
boxcar time averaged, or smoothed with alternative bin times, τB, of 5, 10, and 50 (or 
100)ms. In boxcar averaging a group of N adjacent EA points are averaged together where 
N=τB /τD. Here τD is the time spacing in the original non-time-averaged data (1ms). As τB 
is increased the signal-to-noise ratio of the data increases due to averaging. EA 
fluctuations are, however, also smoothed by this process, if they occur on a faster time 
scale than τB. Ensemble SM-FRET data for (TG)10 in the absence and in the presence of 
NC is shown in Fig. 5.6. In the absence of NC, the τB=5ms EA histogram shows a single 
peak. The width of the peak is primarily due to photon shot noise rather than any 
significant EA fluctuations, which can also be verify by the small amplitude and fast 
relaxation of EA autocorrelation (Fig. 5.7).  In the presence of 400nM NC, FRET 
histogram shows a single peak in the τB=5ms, 10ms and 50ms condition respectively. 
Increasing the boxcar averaging time the peak width shrinks down, which indicates that 
the broadening is mainly due to photon shot noise. Compare the autocorrelation in the 
presence of NC and in the absence of NC, we find that the amplitude and the decay rate is 
on the same order of magnitude. For (TG)10, in the presence of NC, no other detectable 
states is observed within the experimental detection limit. Down to the time limit of a few 
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millisecond, no other different states for (TG)10, /NC complex were observed (see FRET 
histogram Fig. 5.7).   
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Fig. 5.6. Experimentally obtained ensemble FRET histograms for (TG)10 in the absence 
of NC (left) and in the presence of 400nM NC (right) at three different τB.  
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Fig. 5.7. FRET autocorrelation curves for (TG)10 in the 1X only (left) and in the presence 
of 400nM NC. All experiments were performed in the presence of 0.2mM Mg2+ and 
40mM NaCl.  
 
In order to investigate other simple cation effects on (TG)10 FRET distribution in 
a fast time scale, we performed the FRET measurement using a series of concentrations 
of Mg2+ in the buffer solution under individual trajectory mode. Ensemble EA histogram 
with different bin time, τB= 5, 10, and 50 (or 100) ms are shown in Fig.5. 8. The trend in 
average EA vs [Mg2+] demonstrates clear correlation between (TG)10 conformation and 
positive ion concentration. This is consistent with other reported results of ssDNA with 
various concentration of Na+  (166). The persistence length of (TG)10 is effectively 
shortened by increasing Mg2+ concentration. The positive ions bind onto ssDNA due to 
electrostatic interaction and therefore, the average end-to-end distance is reduced which 
can be predicted by the worm-like-chain model (166). For all Mg2+ concentrations, a well 
shaped single peak was observed in the FRET histogram using various bin time. The end-
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to-end distance fluctuation relaxed very fast in our experimental time resolution, thus no 
other different FRET states is observed for (TG)10 under all concentrations of Mg2+. The 
conformation of (TG)10 is in its equilibrium and exhibit a relative ‘static’ single state end-
to-end distance.  
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Fig. 5.8 Ensemble FRET histogram for (TG)10 at various [Mg2+] concentrations with 
different τB (5ms, 10ms, and 50ms from top to bottom) are compared. On the graph, 
[Mg2+]=2mM (left panel, black); [Mg2+]=5mM (middle panel, red); [Mg2+]=20mM (right 
panel, blue) 
 
NC does behave differently than a simple polycation in changing ssDNA 
conformation. This can be proven by the control experiment using poly-K-Lysine 
(MW>15,000). 400nM of polylysine was added into buffer solution and flew into 
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reaction chamber where (TG)10 was immobilized on the surface. A significant change in 
FRET was observed with the peak of EA shifting from ~0.5 to ~0.85. The FRET 
efficiency in the presence of 400nM polylysine is higher than that in the presence of NC 
at the same concentration. This might be due to a more positive charge polylysine carries 
than that for NC. 1X buffer can wash ~30% of polylysine molecules away within ~4000s 
(Fig. 5.9). This fast dissociation is significantly different for NC which shows no 
apparent dissociation using 1X buffer. Although both NC and polylysine can promote the 
FRET efficiency, which suggests that electrostatic interaction between the ssDNA and 
NC/polylysine is major component in changing the ssDNA conformation, however, the 
dissociation rate is quite different for NC and polylysine which indicates there are other 





























































Fig. 5.9. Single-molecule FRET efficiency histogram for (TG)10 with poly-L-Lysine and 
buffer wash. Reaction stages are divided as following. I: buffer; II: 400nM poly-L-Lysine 
(MW>15,000) reacted for 30min; III: buffer wash after ~4000s.  
 
The zinc finger is known to be of great importance for NC function. Disturbing 
the zinc finger usually decreases NC activity in chaperone DNA/DNA, DNA/RNA 
annealing, and other aspects of NC function (2). In order to explore the role of zinc 
fingers to the interaction of NC and (TG)10, we performed the binding experiment in the 
presence of 1mM EDTA (Fig. 5.10).  Ethylenediaminetetraacetic acid (EDTA) is a well 
know zinc chelating reagent which binds to zinc very strongly and therefore is used 
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widely in destroying the zinc finger structure of NC (113, 155). 1mM EDTA and 400nM 
of NC was incubated for 30 minutes before the reaction to complete the zinc ejection 
process. However, the results we obtained shows that in addition of 1mM EDTA NC still 
bind effectively to (TG)10. 1X buffer washing cannot remove NC from the bound 
complex which is similar to what we observed for wt NC. This data implies that the zinc 
fingers are not as crucial as what we expected for the high affinity interaction of NC with 
(TG)10. It has been reported that the basic residues in the N-terminus of NC are critical 
both for the high affinity of wt NC with (TG)4 and its ability to interact with the bound 
NC: (TG)4 complex (94). Although EDTA destroyed the zinc finger structure, the whole 
NC with its N-terminus and basic residues still shows high affinity interaction with 
(TG)10. On the other hand, repeated d(TG) sequence has been shown to have a strong 
binding affinity with NC (94). Since we expect more than one copy of NC to bind on the 
(TG)10 molecule, the interaction between proteins and the interaction of multiple NC and 
ssDNA might play a very important role in forming the complex. Additionally, NC still 
posses its positive charges in the absence of a proper folded zinc-finger. It has been that 
NC can fold into different conformations to accommodate productive electrostatic 
interactions with the RNA substrate even in the absence of Zn2+ binding (155). The 
observed shortening of average end-to-end distance is a reflection of the overall more 
compact conformation compared to naked ssDNA. Within this ssDNA:NC complex, the 





























































Fig. 5.10 Single-molecule FRET efficiency histogram for (TG)10 with EDTA-treated NC 
and buffer wash. I: buffer; II: EDTA-treated NC (400nM NC was incubated with 1mM 
EDTA for 30min before reaction); III: buffer wash.  
 
TABLE 5.2 FRET measurements for (TG)10, T20 and (TG)20 in buffer only, 400nM NC 
and buffer containing 20mM Mg2+ 
 
 Buffer [NC]=400nM [Mg2+] =20mM
(TG)10 0.50±0.08 0.72±0.09 0.86±0.07
T20 0.47±0.06 0.74±0.06
(TG)20 0.20±0.06 0.68±0.08 0.69±0.08
 
The error is calculated by the width of the fitted Gaussian function for each FRET 





Here we present observations of the NC binding to ssDNA, including d(TG)n and 
d(T)n, as well as its effect on flexibility and conformation of the oligonucleotide chains. 
Single-molecule fluorescence resonance energy transfer was used to study NC effect on 
ssDNA conformation. The Kd for binding of a single d(TG)10 molecule to NC is ~10nM. 
Our results reveal that the rigidity of ssDNA chain is dramatically reduced through 
interaction with NC. Electrostatic interaction between basic NC and negatively charged 
ssDNA is a large component of the overall condensation. However, the surprisingly slow 
dissociation rate of the bound NC under buffer condition and the fact that zinc-finger 
deficient NC is capable of changing ssDNA conformation, indicate the interaction 
between these two is even more complex. Dissociation can be accelerated by introducing 
high concentration of Mg2+ buffer or non-complementary oligonucleotide into the 
system. Finally, our data of long ssDNA chain, d(TG)20 unravels heterogeneity of 
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